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Abstract 
Salinization is a global threat to agriculture. Salt, especially sodium chloride, 
impedes plant growth by causing physiological drought, nutrient imbalance and/or via 
specific ion toxicity. To cope with salt stress and strike for survival, plants have 
evolved several tolerance mechanisms. One of them is the use of ion transporters for 
sodium exclusion, intracellular ion compartmentation and selective uptake of 
nutritional ions. Using this strategy, a low Na+/K+ratio and a low cytosolic Na+ 
concentration can be maintained to avert the deleterious effects of Na+ in the cytosol 
and partially relieve growth inhibition by nutrient imbalance. Moreover, Na+ and Cl. 
compartmented into vacuole in some plants may act as osmolytes to maintain an 
osmotic potential gradient that drives water into the cells. 
My project is to obtain full length cDNA clone and characterize ion transporter 
genes from a salt tolerant soybean variety WenfengV. 5' & 3, Rapid Amplification of 
cDNA Ends (RACE) technique was used to determine the entire cDNA sequences. 
r T - P C R was performed to obtain clones containing full length coding regions of these 
ion transporter genes from the salt tolerant WenfengV and the salt sensitive Union 
using gene specific primers flanking the start and stop codons. The Ml length coding 
regions of NHX (1641bp), AKT (2682bp) and CLC (2352bp) encode a protein of 
546, 893 and 783 amino acids, respectively. Sequence analysis showed that all these 
ion transporters from WenfengV are identical to these from Union and two Nhx gene 
family members that encode putative vacuolar Na+/H+ antiporters were found in both 
WenfengV & Union. These ion transporters were named GmNHXl, GmNHX2, 
GmAKTl and GmCLC. Hydropathy plots suggested that GmNHXl and GmNhx2, 
GmAKTl and GmCLC have 12, 6 and 11 putative transmembrane segments, 
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respectively. Multialignment, conserved doamin search and phylogeny analysis 
suggested that these three ion transpoters are, respectively, putative vacuolar Na+/H+ 
antiporter, inward-rectifying K+ channel and chloride channel. 
Detailed gene expresssion profiles were studied using northern blot hybridization. 
GmNHX and GmCLC were coordinately expressed in both roots and leaves in 
Wenfeng 7 and Union upon different salt treatments. To distinguish the expression 
patterns of the two NHX genes, RT-PCR using gene specific primers was employed. 
The Na+/H+ antiporter gene GmNHXl exhibited a higher level of steady-state 
transcript than GmNhxl in both roots and leaves, suggesting that GmNHXl may 
function as the major Na+/H+ antiporter in Wenfeng? and Union. RT-PCR analysis 
also showed that GmAKTl is preferentially expressed in roots compared to leaves but 
is maintained at low level in both WenfengV and Union. Wenfeng?, however, exhibits 
a slightly higher GmAKTl expression than Union. 
The full length coding regions of these ion transporters were cloned into the 
plant vector V7 under the control of 35S promoter of Cauliflower mosaic virus 
and were transformed into Arabidopsis thaliana by Agrobacterium-mQdmtQd 
transformation method. T2 hemizygous and T3 homozygous transgenic plants carrying 
single transgene insertions of the target ion transporter were obtained and screened to 
perform functional tests. Apparently, both GmNhxl and GmNhx2 transgenic plants 
exhibited a higher salt tolerance before silencing of the transgenes. 
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摘要 
.土地驢漬化是全球農業面臨的一個急切而嚴重的問題。過量的驢(特別是氯 
化鈉）對植物生長會構成生理乾旱，養份不平衡以及鈉和氯離子特有的毒害。爲 
了生存，植物在長期驢脅迫條件下，形成了不同抗鹽機制。包括利用離子運輸蛋 
白，將鈉離子排出細胞外，或是將細胞內的離子分隔到液泡中，以及選擇性吸收 
養份離子。通過這些機制，植物細胞可以維持一個低鈉/鉀離子(Na+/K+)比率和 
低鈉離子濃度，從而減輕•害造成的生長抑制。分室到液泡中貯存的鈉離子和氯 
離子還可以作爲滲透調節物維持一個滲透勢梯度，使環境中的水分能進入細胞 
內° 
本硏究以耐廳大豆品種文豐7號爲材料，對離子運輸蛋白進行了硏究。利用 
5’和3’ RACE及RT-PCR技術，成功從文豐7號克隆到一個鈉/氫反向運輸子 
(NHXJ、一個氯離子通道(CLQ和一個鉀離子通道(AKTJ的cDNA全序列。 
這三個離子運輸蛋白分別編碼546�783和893個氨基酸序列°這些離子運輸蛋 
白的完整編碼區亦成功地從耐a品種文豐7號和•敏感大豆品種（Union)中克 
隆出來。測序分析顯示文豐7號和Union的離子運輸蛋白的核甘酸序列完全一 
致，且同時擁有兩個M/Z基因家族成員。因此，這三種離子運輸蛋白在本硏究 
中被命名爲 G m N H X l / G m N H X 2 �G m C L C 和 G m A K T l � 疏水分析顯示 
GmNHXl/GmNHX2�GmCLC和GmAKTl分別有12�6及11個跨膜域。此外， 
多序列比較、保守功能域及系統分類分析顯示，這三個離子運輸蛋白可能分別爲 
液泡膜鈉/氫反向運輸子、氯離子通道及內流型鉀離子通道。 
Northern blot分析顯示，在不同的•濃度處理下，GmTVfflT和GmCLC紋 
豐7號及Union的葉部和根部協同表達。爲了區別兩個基因表達模式’利 
用基因特異性弓丨物進行了 RT-PCR分析。結果顯示，GmNHXl比GmNHX2在根 
部和葉部有較高的基因表達水平°此說明了 GmNHXl可能是文豐7號及Union 
主要的鈉/氫反向運輸子。此外，GmAKTl趨向表達於文豐7號及Union的葉部 
XV 
和根部，但處於一個低水平。然而文豐7號比Union有較高的GmAKTl基因表 
達水平。 
最終，四個離子運輸蛋白的全編碼區被克隆到植物的V7載體（由烟草花葉 
病毒的35S啓動子控制），並通過農桿菌成功轉化到擬南芥中° GmNHXl和 
GmNHX2的T2及T3轉基因植株在出現轉基因沉默前，在鹽處理測試中表現出 
較高的耐驢性。 
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1. Literature Review 
1.1 Salinization is a global problem 
Salinization of soil is a process of accumulating of excessive amount of 
salts (mainly sodium chloride) in the soil. It has caused an adverse effect on 
agriculture since ancient civilizations and continues to affect crop productivity in 
many parts of the world (Figure 1.1). Salt salinity is one of the most severe 
abiotic stresses and environmental factors that not only affect crop plant growth 
and yields but also restrict utilization of arable land, and hence ultimately reduce 
agricultural production (Jain and Selvaraj, 1997). 
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Figure 1.1: Global distributions of salt-affected lands (after Szabolcs 1985). 
Today，nearly 340 million hectares of irrigated land, which is approximately 
one-third of the world's irrigated land, are salt-affected and unsuitable for crop 
cultivation (Kozlowski, 2000; Owens, 2001). For examples, in China, more than 
7 million hectares of land are classified as saline (Sun, 1987); in California, 
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among the 21.3 million hectares of arable land, 12.8 million hectares were 
damaged by salinity by the turn of the century; In the rich San Joaquin Valley, 
3.5 million hectares out of the total 11 million hectares were severely affected by 
salinity (Lewis, 1984). The loss in agricultural land caused a dramatic decline in 
global crop production. This raises a severe problem of food security among the 
escalating world population. Also, it is estimated that global economic loss due 
to sanility exceeds 1 trillion US dollars (Jain and Selvaraj, 1997). 
1.2 Causes of soil salinization in agricultural lands 
Salinization of soil arises from natural geochemical processes and 
human activities. Natural environmental and geographical factors such as 
adverse soil water movements and backflow of seawater into the seashore 
region could elevate salt contents in the soil (Jain and Selvaraj, 1997). 
Prolonged irrigation practice is the major human activity causing 
salinization in agricultural lands, particularly in arid and semi-arid region 
(Ashraf, 1994; Kozlowski, 2000). The river water and underground water used 
for irrigation in agricultural lands usually contain certain amounts of salts 
(besides the dominant calcium and magnesium cations, the irrigated water also 
contains Na+) (Serrano et al., 1999). After the water evaporates and transpires, 
the calcium and magnesium tend to precipitate as carbonates, leaving salt ions, 
mainly Na+ and CI", accumulated in the soil solution. When there is no 
opportunity to flush out the accumulated salts to a drainage system, salts will 
quickly reach levels that are harmful to salt-sensitive plants and induce 
salinization in soil (Ashraf, 1994; Serrano and Gaxiola, 1994). 
There are many kinds of salts present in saline soil, such as magnesium, 
calcium, potassium chloride, sodium chloride, sodium carbonate and sulphates 
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of sodium. But the most prevalent salt is sodium chloride (NaCl). Salinity is 
expressed in various units and the interrelationships are shown in Table 1.1. 
Table 1.1 Different units of salinity measuremenf. 
Elcctrical 
NaCl molarity NaCl mg . 1'' NaCl (%) Osmolality Water potential 
conductivity 
mmoU-i (mM) (p.p.m.) at 25°C (-MPa) (bar) (dS. m]) 
1 58 0.006 2 0.04 0.4 0.8 
25 1450 0.14 47 0.11 1.1 2.3 
44 2580 0.26 84 0.21 2.1 4.0 
155 9000 0.90 290 0.72 7.2 14.4 
250 14500 1.45 458 1.14 11.4 22.5 
500 29000 2.90 921 2.28 22.8 45.0 
(sea water) 
^Compiled from data by Wyn and Gorham (1986), and Ravinder and Gopalan (1997). 
Electrical conductivity (EC) is a measure of the salt content expressed in decisiemens 
per meter (dS • m'^). Total amounts of dissolved solids (IDS) expressed in mg . l]. 
Osmolality is the molar concentration of all osmotically active particles in a solution. 
Bar is a common unit of water potential and 1 bar = 10^  N • m"^ , (N = newton). 
Pascal (Pa) is the SI unit of water potential and 1 Pa = 10'^  bar = 1 J • m \ ( J = joule). 
One mega pascal (MPa) = 10 bar. The water potential of pure water is assigned a 
value of zero Mpa. 
1.3 Toxicity of salinity in plants 
Saline soils have a high concentration of soluble salts and plants growth 
is unusually poor on such soils. NaCl is the most prevalent salt in saline soils 
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other than sulphates of sodium, magnesium, and calcium, potassium chloride 
and sodium carbonate (Jain and Selvaraj, 1997). 
Salinity imposes three stresses on plant tissues: (1) a water-deficit that 
results from the relatively high solute concentrations in the soil; (2) nutritional 
imbalance resulting from altered nutritional ion uptake ratio from outside; and 
(3) ion-specific toxicity resulting from accumulation of high concentration of 
Na+and CI" in the cytosol (Blumwald et al., 2000; Apse and Blumwald, 2002). 
Most plants cannot tolerate salinity higher than 50-100 mM NaCl (Downton, 
1984). 
1.3.1 Physiological drought 
Salinity lowers soil water potential, and when the water potential of 
soil is more negative than that of plant cells, deleterious efflux of water from 
plant cell to outside occurs (Jain and Selvaraj, 1997). This response results in 
water-deficit, termed physiological drought, on plants. 
The stress of water-deficit can rapidly cause a reduction in turgor 
pressure of plant cell which in turn affects cell expansion and growth (Xiong 
and Zhu, 2002). The reduced turgor in plant leaf cell also results in stomatal 
closure followed by reduction in the processes of transpiration, photosynthesis 
and the enhancement of protein breakdown (Jain and Selvaraj, 1997). All these 
effects act together in stunting overall plant growth and development. 
1.3.2 Nutritional imbalance 
Several mineral nutrients such as K+, Ca^ ,^ Mg2+ and Fe^ "" are required 
for normal plant growth and development. In saline soil, a high ratio of certain 
ions such as Na+, CI" and SO/ ' results in the deficiency of other nutritional ion 
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such as K+ and Ca+ in plants (Jain and Selvaraj, 1997). 
The impaired nutrient acquisition in the plant is due to the influx of Na+ 
through pathways that normally function in the acquisition of K+ (Maathuis 
and Amtmann, 1999; Blumwald et al.，2000). The hydrated ionic radii of Na+ 
and K+ are similar, which makes it difficult to discriminate between these two 
ions by the transport machinery. Excess Na+ in soil can compete with K+ in the 
binding site in the K+ transport protein, resulting in alteration of K+/ Na"^  ratio 
in cytosol (Blumwald et al., 2000). The deficiency of K+in plant cell causes 
inhibition of cytosolic enzyme activitives and aberrant metabolism (Wyn Jones 
and Gorham, 1983; Wyn Jones and A , 1983; Haro et al., 1993). 
High levels of Na+in soil also disturb Ca^^ nutrition. The displacement 
of Ca2+ from the cell wall by Na+ results in impaired membrane function, 
which further stimulate influx of Na+and efflux of K+and Ca^, and inhibition 
of cellulose biosynthesis in growing cell walls, thus affecting the cell wall 
2.1 • 
integrity and turgor maintenance. Moreover, the reduced Ca levels in 
developing leaves can in turn affect leaf expansion and growth (Jain and 
Selvaraj, 1997). 
1.3.3 Specific ion toxicity 
Ion toxicity is caused by accumulations of Na+ and CI" ions to a 
concentration that is inimical to plants. At the molecular level, an elevated Na+ 
concentration in the cytosol of plant cell can inhibit enzyme activities, reduce 
protein synthesis, and disrupt membrane structure and function, resulting in 
metabolism dysfunction (Jain and Selvaraj, 1997). 
In vitro protein synthesis is activated by K+ (100-150 mM) and is 
inhibited by Na+ concentrations above 100 mM. The inhibition of Na+ on 
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protein synthesis is due to the perturbation of hydrophobic-eletrostatic balance 
between the forces for maintaining protein structure (Wyn Jones and A., 1983; 
Jain and Selvaraj, 1997; Blumwald et al., 2000). In vivo assays suggested that 
some enzymes in the metabolism system are the cellular toxicity targets of 
NaCl. For example, 3’(2，)，5'-bisphosphate nucleotidase (DPNPase) (encoded 
by HAL2) involved in sulfur metabolism, is one of the targets of cellular Na+ 
toxicity (Murguia et al., 1996). The feature common to Na+ inhibitory sites in 
nucleotidase is the weak magnesium binding sites formed by phosphate groups 
from the substrates. The high charge density may displace the essential 
magnesium from these sites and form dead-end complexs (Serrano et al., 
1999). 
High intracellular concentrations of CI' are also deleterious to cellular 
systems since chloride may interfere with anionic sites involved in binding of 
RNA and anionic metabolites such as bicarbonate, carboxylates and 
sugar-phosphates (Serrano et al., 1999). However, little is known about in vivo 
targets for chloride toxicity. 
1.4 Plant adaptation to salinity 
To cope with salt stress, plants have developed a variety of adaptation 
mechanisms. The mechanisms purported to afford salinity tolerance vary 
substantially ranging from salt exclusion to active management of salt 
accumulation within cells (Table 1.2). 
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Table 1.2: Examples of plant adaptations to salinity stress 
Mechanism Function Example 
Synthesis of compatible Provide osmoticum and Halophytes; 
solutes e.g. proline and protection from excess salts in nonhalophytes 
betaine cytoplasm 
Increased vacuole size and Salt dilution by keeping a succulents 
intercellular spaces volume to surface ratio high 
Shedding of organs e.g. Reduces salts in metabolically Plantago; Salicornia 
older leaves, old stem active parts 
cortex 
Deep roots Avoid saline layers Prosopis 
Casparian strips Barrier to apoplastic flow of Suaeda; puccinellia 
salts 
Salt glands and bladder Storage excess salt and Mangroves; Atriplex 
secretion out the leaves spp. 
Salt exclusion Exclude harmful ions outside Mangroves; 
e.g. Na+ and CI" Amphiploids of 
Triticium 
Selective ion-uptake Maintain higher K+/ Na+ ratio Amphiploids of 
in cytosol Triticium 
Ion compartmentation Restrict the harmful ions to Halophytes; 
metabolically inert nonhalophytes 
compartments e.g. vacuoles 
Ion retranslocation through Avoid harmful effects on Kallar grass 
phloem to roots shoots 
(Modified from Jain and Selvaraj, 1997) 
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The accumulation of compatible osmolytes such as proline and 
glycine-betaine is one of the main mechanisms by which plants use to tolerate 
osmotic stress (Yeo, 1998; Xiong and Zhu, 2002). Osmolytes function mainly 
in osmotic adjustment by lowering cellular osmotic potential to facilitate water 
absorption and restore intracellular salt concentrations (Hamada et al., 2001). 
They are synthesized by virtually all organisms under hyperosmotic stress. 
One osmolyte that has received much attention is proline. Accumulation of 
proline was reported in many plant species under abiotic stress (Yeo, 1998; 
Xiong and Zhu, 2002). 
Plants like halophytes have developed some specialized tissues to deal 
with salt stress. In the mangrove Atriplex spp., excess salts in the cell can be 
stored in salt glands or salt bladders and then be secreted out the leaves 
(Hamada et al., 2001). Besides, succulent plants can increase vacuole size and 
intercellular spaces to dilute salts by keeping a high volume to surface ratio 
(Jain and Selvaraj, 1997). 
Furthermore, some plants have evolved mechanisms by which ion 
homeostasis can be maintained in the cytosol of the cell during salt stress. 
These strategies include salt exclusion, selective ion uptake, ion 
compartmentation and ion retranslocation (Blumwald et al” 2000; Shi et al., 
2000; Zhang et al., 2001; Xiong and Zhu, 2002). For example, salt tolerant 
Plantago can accumulate high concentration of salt in shedding organs such as 
old leaves or old stem cortex to reduce salt level in metabolically active parts 
(Jain and Selvaraj, 1997). Besides, high concentrations of salt in the 
environment can be used to their benefit by plants since Na+ and CI" can be 
sequestered into vacuoles via ion transport proteins to increase the osmolality 
of the cell and overcome the osmotic stress (Hamada et al., 2001). 
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Sodium-proton antiporters have been suggested to play a major role in the 
intracellular sodium compartmentation and the maintenance of osmotic stress 
(Nass et al., 1997; Apse et al.，1999; Blumwald, 2000). 
Ion transport proteins that involved in ion uptake and transport, ion 
homeostasis and salt tolerance in plants will be discussed below. 
1.5 Ion transport proteins in plant 
1.5.1 Pump, channel and carrier 
Ion transport protein in the membranes can be distinguished into three 
main classes: pumps, channels and carriers. 
(1) Pumps: transport proteins are able to transport substrate against an 
electrochemical gradient. This active transport process is driven by 
metabolic energy and the turnover rate is low, around 10 per 
second (Maathuis and Amtmann, 1999). A prime example is the 
ubiquitous proton pumps (H+-ATPase) (Bohnert et al., 1999). 
However, no pumps have been identified in higher plants that 
directly transport K+ and Na+. 
(2) Channels: proteins that transport ions downhill the transmembrane 
gradient. This passive transport process is controlled via gating of 
the channel and the turnover rate is 10^-10^ per second (Maathuis 
and Amtmann, 1999). Channel gating is often under control of the 
membrane electrochemical potential for that ion or ligands. K+ 
selective channels are the predominant type of channel found in 
plant, e.g. KATl in guard cell membranes is for the rapid release of 
K+during stomatal closure (Czempinski et al., 1999). 
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(3) Carriers: proteins transport substrates through undergo specific 
conformational changes. They generally function in transport of 
substrates against a gradient and are energized via coupling to an 
2 3 
electrochemical gradient. The turnover rate is 10 -10 per second 
(Maathuis and Amtmann, 1999). In plants, uphill transport of Na+ 
into the vacuoles is energized through coupling to the downhill 
transmembrane movement of H+, proceeding via a Na+/ H+ 
antiporter (Apse et al , 1999; Bohnert et al., 1999; Blumwald, 
2000). 
1.5.2 Pumps 
The primary active transporters, H+-ATPase，represent a ubiquitous 
class of proton pumps that are found on plasma membrane and a variety of 
cellular organelles including lysosomes and vacuoles (Barkla and Pantoja, 
1996). Proton pumps occupy a prominent position among all transporters 
since they build up a proton motive force to energize coupled carriers (Sze 
et al., 2002). In plants，three distinct proton pumps exist for this purpose: 
the plasma membrane H+-ATPase (P-ATPase), vacuolar H+-ATPase 
(V-ATPase) and a vacuolar pyrophosphatase (V-PPiase) (Bohnert et al., 
1999). All H^-ATPases bear structural homologies and appear to be 
composed of three major polypeptides (Hedrich, 1989). 
1.5.2.1 P-ATPase 
P-ATPase functions in establishment the inwardly directed H+gradient 
across the plasma membrane by extrusion of H+ from the cell. This 
electrochemical gradient of H+energizes coupled carriers or ion channels to 
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uptake and release many nutrients across the plasma membrane of plant cell 
(Hedrich, 1989). Besides, the plasma membrane proton pump may be 
relative to pH regulation of the cytoplasm in some cells (Tyerman, 1992). 
In plant, P-ATPase is represented by a gene family of more than 10, 
encoding proteins of about 100 kDa (Bohnert et al., 1999). As the main 
proton pump in the outer cell membrane, P-ATPase is essential for many 
physiological functions. Increased activity of the P-ATPase has been shown 
to accompany salt stress. For example, halophytic plants have been shown 
to increase pump activity more drastically than glycophytes under salt stress 
(Bohnert et al., 1995). 
1.5.2.2 V-ATPase 
The V-ATPase are large protein complexes composed of 7 to 10 
different subunits, with a native molecular weight between 400 and 650 kDa 
(Barkla and Pantoja, 1996). V-ATPase has been localized to vacuoles and 
other membranes of the secretary system, including the endoplasmic 
reticulum (ER), Golgi and small vesicles (Sze et al., 2002). A major role of 
this pump is to acidify the vacuole, generate a proton-motive force by 
hydrolyzing ATP and thus provide the driving force for a wide range of 
secondary active and passive transport processes. 
V-ATPase activities have been studied in several species upon 
short-term exposure of roots to NaCl. These studies showed that the 
V-ATPase is important in plant salinity tolerance. In Mesenbryanthemum, 
V-ATPase activity increases several-folds following stress (Barkla et al., 
1995). Enhanced V-ATPase hydrolytic activity has also been observed in 
NaCl-adapted cells of Acer pseudoplatanus (Zingarelli et al., 1994). 
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1.5.2.3 PPiase 
Like the V-ATPase, the V-PPiase catalyzes eletrogenic tonoplast H+ 
translocation and is able to pump H+against a lO'^-fold gradient (Hedrich, 
1989). However, unlike the V-ATPase, the V-PPiase derives energy from the 
hydrolysis of PPi and appears to be present only in plants and phototrophic 
bacteria (Barkla and Pantoja, 1996). From the plant cDNA sequences cloned 
to date, V-PPiase appears to be composed of a 64-67 kDa substrate-binding 
subunit and a highly conserved catalytic subunit (Sarafian et al., 1992). 
Several roles for V-PPiase in plant cells have been proposed. This 
emzyme may function as an energy conservation system through the 
establishment of a pH gradient across the tonoplast that is utilized to 
energize secondary active transport, and it may also function as a 
mechanism for the regulation of cytosolic pH (Barkla and Pantoja, 1996). A 
few reports have indicated that PPase activity declines under salt stress in 
some species (Bremberger and U.，1992) but increase in others (Zingarelli et 
al., 1994). In Arabidopsis, the V-PPiase is encoded by a single gene, AVPl. 
Transgenic plants overexpressing this H+-pyrophosphatase gene are much 
more tolerant to high concentrations of NaCl than the wild type (Gaxiola et 
al., 2001). 
1.5.3 Cation channels 
Cation channels identified in plants have been classified according to their 
ionic permeability and activation properties (nor V ry and Scentenac, 2002). 
12 
1.5.3.1 K+channels 
Potassium, a major plant macronutrient，is the most abundant cation in 
plants. K+ channels play multiple roles in higher plant processes, including 
ion uptake in roots, stomatal movements and leaf expansion (Serrano et al., 
1999). 
Analysis and classification of K+ channel genes has been advanced by 
patch clamp studies and by elucidation of a K+ channel structure (Dolye et 
al., 1998). K+channel families thus can be categorized by the numbers of 
pore-forming loops (P-loops) and transmembrane domains (TM domains) 
per monomer into three classes: Skaker-type, Kir-type and KCO-type 
(Figure 1.2) (Czempinski et al., 1999; Maser et al., 2001). 
Shaker KCO Kir 
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Figure 1.2: Three families of K+ channels identified in plants. P, pore 
domain; CNBD, putative cyclic-nucleotide-binding domain (Modified from 
(Czempinski et al., 1999; Maser et al., 2001). 
1.5.3.1.1 Shaker family 
Shaker-type potassium channels contain a P-domain and six 
transmembrane segments (S1-S6). The fourth transmembrane helix exhibits 
a regular pattern of positively charged residues (lysine or arginine) every 
third residue, thus the charged residues tend to project from one side of the 
helix to work as a voltage and pH sensor which is involved in opening the 
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channel (see Figurel.2) (Hoth et al.，2001). The conserved P-domain 
(Figure 1.3) located between the fifth and sixth transmembrane segments, 
looping into the membrane and out of it again, forms an ion-selective pore 
and harbors a TxxTxGYGD motif (where x represents a non conserved 
amino acid) providing a hallmark characteristic of many plant K+ channels 
(Czempinski et al., 1999). 
In plant shaker channels, a cyclic nucleotide binding domain is present 
in the cytosolic C-terminus (nor V ry and Scentenac, 2002). Preliminary 
studies suggested that cyclic nucleotides can actually modulate the activity 
of these channels (Zimmermann and Sentenac, 1999). The functional 
channel works as a tetramer, with the P-domains of each subunit interacting 
to form a narrow constriction that contains the K+ binding and recognition 
site (Czempinski et al, 1999)： 
KAT family KAT1 LTTTGYGDFHAENP 
KST1 LTTTGYGDLHAENS 
AKT family AKTl LTTVGYGDLHPVNT 
AKT2 LTTVGYGDLHASNT 
KST2 LTTVGYGDLHPENT 
KST2 MTTVGYGDLHAVNT 
KCO family AtKCOl MTTVGYGDLVPNSS 
AtKCOl -92 VTTLGYGDKS FNS E 
AtKC02-P1 MCTIGYGDKITPDSV 
AtKC02-P2 VTTVGYGDRAFNTL 
Figure 1.3: Conserved P-domain in plant K+ channels. P-domains of 
several plant K+ channels including KAT, AKT and KCO family contains a 
highly conserved motif, GYGD. 
According to the rectification properties and gating behaviour, 
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shaker-type potassium channels can be regrouped into three subfamilies: K+ 
inward rectifying channel (KIRC), IC+ outward rectifying channel (KORC) 
and voltage independent channel (VIC) (Table 1.3). 
Table 1.3: Cloned shaker-type K+ channels: functional properties and localization 
Name Species Type Expression Function Reference 
AKTl A.thaliana KIRC Root cortex high affinity K+ (Hirschetai., i998) 
uptake 
KAT1 A. thaliana KIRC Guard cells Stomotal opening (Anderson et ai , 1992) 
SKTl S. tuberosum KIRC Root Root K+uptake (Zimmermann et ai., 
1998) 
KSTl S. tuberosum KIRC Guard cells Stomotal opening (Muiier-Rober et ai., 
1995) 
GORK A.thaliana KORC Guard cells Stomatal closure (Ache et ai., 2000) 
SKOR A.thaliana KORC Root Translocation to (Gaymardetai., i998) 
pericycle shoot 
1.5.3.1.1.1 KIRCs 
KIRCs (K+ inward rectifying channels) are activated at voltage more 
negative than the equilibrium potential for K+ (activated by 
hyperpolarization of the plasma membrane), thus allow movement of K+ 
into cell. A C-terminal interaction domain (KHA), which participates in 
the regulation of channel distribution, presents in all cloned plant Kin+ 
channels (Czempinski et al., 1999). 
It has been suggested that KIRCs provide a low-affinity system for K+ 
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uptake in plant cells. The apparent affinity of these channels for K+ 
ranges from 3 to 19 mM and could also support the uptake of K+ at 
external micromolar concentrations (Maathuis and Sanders, 1995). Most 
KIRCs are highly selective for K+ over Na+ and divalent cations (for a 
detailed list of permeability ratios of KIRCs see (Amtmann and Sanders, 
1999). In general, the contribution of KIRCs to low affinity Na+ uptake 
is minimal. KIRCs were the first plant ion channels to be identified at the 
molecular level (Anderson et al., 1992; Sentenac et al., 1992). They have 
been found in most plant cell types and are involved in many 
physiological processes. 
KIRCs in the plasma membrane of root epidermal and cortical cells 
have been found to be the main pathway for low-affinity K+ uptake by 
plants (Gassmann et al., 1993). Genes coding inward rectifying K+ 
channels, KSTl, KATl and AKTl (see Table 1.3)，have been identified 
in Solarium and Arabidopsis by functional complementation of yeast 
mutants lacking endogenous potassium transporters (Anderson et al., 
1992; Bei and Luan，1998; Hirsch et al., 1998). AKTl is believed to 
play a major role in the K+ uptake system in the root peripheral cell 
(Lagarde et al., 1996). However, aktl knockout mutants showed 
diminished K+ uptake into roots in micromolar external concentration but 
not in millimolar concentrations. These results suggested that AKTl 
plays a role in high affinity K+ uptake and that an alternative pathway for 
low affinity K+transport is available (Hirsch et al., 1998). 
1.5.3.1.1.2 KORCs 
KORCs (K+ outward rectifying channels) are depolarization 
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activated, thus favor K+ efflux. KORCs in plant cells have been 
proposed to mediate long-term K+ efflux and membrane potential 
regulation (Schroeder et al , 1994). Two kinds of KORCs, SKOR and 
GORK (see Table 1.3), have been cloned in Arabidopsis thaliana. 
SKOR is expressed in root stellar tissues and is thought to mediate K+ 
transport out of the stelar cells into the xylem sap (Gaymard et al., 
1998). GORK, one K+ outward rectifying channel from A. thaliana 
(Table 1.3), is expressed in guard cells and predicted to mediate K+out 
currents during stomatal closure (Ache et al., 2000). 
1.5.3.1.1.3 VICs 
VICs (voltage independent channels), open independent of the change 
of voltage, are non-selective against monovalent and divalent cations 
(Maathuis and Amtmann, 1999). Since VICs are usually present in very 
small numbers compared to KIRCs, the contribution of this shaker 
subfamily to K+influx is negligible (Amtmann and Sanders, 1999). The 
proposed roles for VICs include the low-affinity Na+ uptake into plant 
cells, stabilization of membrane potential and fast adaptation to osmotic 
stress (Maathuis and Amtmann, 1999). In saline environment, VICs can 
open to allow massive influx of Na+ into the cell over a wide range of 
voltages (Amtmann and Sanders，1999). 
1.5.3.1.2 Kir family 
Kir-type K+ channels have a hydrophobic core composed of two 
transmembrane segments and one P domain (Figure 1.3) that has a K+ 
permeability motif (nor V ry and Scentenac，2002). This family is also made 
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up of K+ inward rectifiers and also shares sequence similarities with the two 
P-domain KCO channels (Maser et al., 2001). The activation of Kir 
channels follows the equilibrium K+potential. In A. thaliana, a K+ inwardly 
rectifying channel with such a behavior has been observed in root plasma 
membrane (Maathuis and Sanders, 1995). However, the functional 
properties of this family are not fully understood. 
1.5.3.1.3 KCO family 
KCO channels have a hydrophobic core compose of four 
transmembrane segments and two P-domains (Figure 1.3) that carry a 
K+-permeability hallmark motif (nor V ry and Scentenac, 2002). This family 
is known to be outward rectifying "two pore" and tandem Ca^^-binding 
motifs called EF hands reside toward the C terminus of the protein. The 
presence of EF-hand domains is so far a unique feature of plant “two pore" 
K+ channels. The P-domains in the K+ channels of KCO family contain the 
highly conserved GYGD or GFGD motif, but neither the conserved 
asparagine, nor the histidine residue involved in pH sensing of plant Kin+ 
channels is present (Figure 1.3) (Czempinski et al., 1999). This family K+ 
channels are highly selective for K+ and are blocked by Ba^ ,^ and their 
probability being open varies weakly with the voltage (nor V ry and 
Scentenac, 2002). 
Up till now, five KCO channels have been identified in A. thaliana. 
AtKCOl was the first member of the "two pore" K+channel family cloned 
from plants (Czempinski et al., 1997). In KCO 1-like protein, a highly basic 
region, KR -motif (seven out of nine amino acids are represented by R or K 
residues in KCOl), of unknown function is located at the N-terminus. In 
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addition, two EF-hand motifs are present in the C- terminus to work as 
2+ 
potential Ca -binding sites (Czempinski et al., 1999). It has been reported 
that KCOl is activated by elevated cytosolic Ca concentrations when 
expressed in insect cells (Czempinski et al., 1997). However, the KR motif 
existing in KCOl-like proteins is neither present in AtKC02 nor in 
AtKC04 (Czempinski et al., 1999). Determination of the target membrane 
of KCO proteins are needed to reveal their physiological roles in signal 
transduction and in other cellular processes. 
1.5.3.2 Ca channels 
2+ 
Ca plays an important role in stimulus-response coupling in plants. 
Some of the stimulus-response coupling processes in which changes in 
2+ 
cytosolic Ca have been implicated are those induced by protein kinase and 
ion channels (Barkla and Pantoja, 1996). In higher plants, two classes of 
Ca channels have been described: TPC family and CNGC family. 
1.5.3.2.1 TPC family 
TPC family of C a � . channels composes twelve transmembrane 
segments and two P-domains for ion selectivity (nor V ry and Scentenac, 
2002). This family channel is voltage dependent and is inhibited by 
increasing cytosolic Ba (Barkla and Pantoja, 1996). Inward and outward 
I 
voltage-dependent Ca channels have been reported for the tonoplast of red 
beet taproot and the tonoplast of guard cells from V. faba, respectively 
(Johannes et al., 1992; Ward and Schroeder, 1994). These channels are 
proposed to function as a release mechanism for Ca2+. AtTPCl, a gene of 
voltage-gated Ca^^ channel from Arabidopsis, is expressed in various 
19 
tissues. Sense-antisense experiments in Arabidopsis and complementation 
2+ 
of a Ca -uptake-defective yeast mutant suggested that AtTPC 1 can mediate 
Ca2+infux (Fumichi et al., 2001). 
1.5.3.2.2 CNGC family 
• 21 
CNGC family of Ca channels have a hydrophobic core with six 
transmembrane segments and one P-domain containing a glutamate residue 
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that confers Ca permeation properties (nor V ry and Scentenac, 2002). A 
cyclic nucleotide binding domain (CNBD) and a calmodulin binding 
domain are present in the C-terminal region of the protein, thus this family 
is believed to be ligand-gated and may require the participation of 
intermediate signaling molecules including calmodulin, cAMP or cGMP, 
(Barkla and Pantoja, 1996). 
This family is also weakly regulated by voltage and is permeable to 
various monovalent and divalent cations. In physiological conditions, they 
depolarize the membrane and mediate C a � . infux (nor V ry and Scentenac, 
2002). Some CNGC subunits can form functional homo-oligomeric 
channels, whereas others need to be combined (Kohler and Neuhaus, 2000; 
nor V ry and Scentenac, 2002). 
A few functional data of CNGC channels have been obtained from 
Arabidopsis CNGCl and CNGC2. Expressions of either of these two genes 
can partially complement a yeast K+-uptake-deficient mutant, indicating that 
these two channels are K+ permeable (Kohler and Neuhaus, 1999; Leng, 
1999). The recent positional cloning of the dndl locus has revealed that 
CNGC2 plays a role in the plant response to pathogens (Clough, 2000). 
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1.5.4 Anion channels 
Anion channels in plant cell membrane can mediate large passive 
fluxes of anions into the apoplasm or the vacuole. These fluxes can trigger a 
rapid shift of the membrane potential that participates in basic physiological 
functions such as signal transduction, solute compartmentation and cell 
volume regulation as well as intravesicular acidification to achieve eletrical 
balance during proton pumping by the vacuolar ATPase (Wada et al., 1992; 
Ward et a l , 1995). 
A variety of anion channels that are activated by membrane 
depolarization or hyperpolarization have been identified in many different 
cell types in different plant species, including root cells, cotyledonous cells, 
mesophyll cells and stem cells (Hedrich and Becker, 1994; Schroeder, 1995). 
However, nothing is known about the structure of plant anion channels 
except a family of voltage-dependent chloride channels (CLC family) that 
has received much attention. 
Plant proteins of the CLC family have eleven transmembrane segments, 
cytosolic N- and C-termini and an extracellular hydrophobic region S4 
(Czempinski et al., 1999). They are involved in a variety of cellular 
functions, such as the stabilization of trans-plasma membrane electrical 
potential, cell volume regulation and trans-cellular chloride transport (Lurin 
et al , 1996). 
The first plant member of the CLC family identified was CLC-Ntl 
from tobacco. It was reported that the activity of this channel was regulated 
by extracytoplasmic calcium in the millimolar range (Lurin et al., 1996). 
When compared with all CLCs known so far, the plant CLC sequences 
show higher homology to human CLC-6 and CLC-7 than to the yeast 
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homologue ScCLC. A conserved amino acid sequence motif, GKxGPxxH, 
present in all members in the CLC family, together with neighbouring 
sequences in one or more of the 11 transmembrane regions might participate 
in the isoform-specific anion selectivity (Fahlke et al., 1997; Czempinski et 
al., 1999). Functional complementation of the yeast gefl mutant (defective 
in a single chloride channel) by AtCLC-d suggested that this plant protein is 
involved in intracellular iron metabolism (Hechenberger et al., 1996). The 
iron requirement in yeast gefl mutant is due to a failure to load Cu^^ onto 
the iron oxidase of the high affinity iron uptake system. Acidification of the 
vacuolar compartment by AtCLC-d may be required to assemble the iron 
oxidase (Serrano et al., 1999). 
Up till now, whether CLCs function in form of tetramer or the putative 
membrane location of CLC proteins in planta are still unproven. Therefore, 
the structure-function relationships and cellular expression patterns of CLCs 
are need to be studied. 
1.5.5 Carriers 
1.5.5.1 High affinity K+ carriers 
In most cases, K+ uptake at plant roots from micromolar external 
concentrations is an active process mediated by carriers with a high affinity 
for K+ (10-50 |LIM). TWO types of K+transporters, HKT and HAK/KUP, have 
been described and identified in several plant species (Maathuis and 
Amtmann, 1999). Recent reports and sequencing projects indicate that 
plants have a low number of genes encoding HKT transporters and a high 
number of genes encoding HAK/KUP transporters (Maser et al., 2001). 
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1.5.5.1.1 HKT transporter 
HKT transporters function as high affinity K+/Na+ symporters with a 
micromolar affinity for potassium (apparent KM of � 3 |LIM) (Gassmann et al., 
1996). They contain 12 transmenbrane domains and two P-loop-like binding 
sites, one is specific for Na+, one can bind both Na+ and K+ (Bohnert et al., 
1999). The K+ binding site has a KM of about 3|LIM and the Na+binding site 
has KM of about 200|LIM (Maathuis and Amtmann, 1999). 
HKTl, the plant homologue to TRK transporters of yeast, fungi and 
bacteria involved in K+ transport, has been found in rice, wheat, barley and 
A. thaliana (Schachtman and Schroeder, 1994; Gassmann et al., 1996; 
Golldack et al., 1997; Wang et al, 1998). It is preferentially expressed in 
cortical cells in roots (Tester and Leigh, 2001). HKTl-mediated Na+ 
transport depends on the presence of two binding sites with two K+ 
transported per one Na+ (Maathuis and Amtmann, 1999). However, at 
higher external Na+ concentration, both HKTl binding sites are occupied by 
Na+. For example, K+ uptake mediated by TaHKTl was blocked and 
low-affinity Na+ uptake occurred in the physiologically detrimental 
concentrations of Na+ (Table 1.5) (Gassmann et al., 1996). Under such 
circumstance, HKTl type systems may be more related to Na+ uptake than 
K+ uptake (Rubio et al., 1995; Golldack et al., 1997). 
HKTl involvement in high affinity K+ transport is supported by the 
observation that its expression is rapidly up-regulated in response to 
removal of external K+ and with a time-course that matches changes in K+ 
uptake (Wang et al., 1998). Interestingly, HKTl expression in rice is 
depressed during salt stress and a salt-sensitive rice variety was shown to 
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maintain higher levels of HKTl expression than a salt tolerant variety 
(Golldack et al., 1997). Na+ transport by and Na+/K+ competition in HKTl 
correlate with sodium toxicity and point mutations in the six putative 
transmembrane domain have been reported to increase sodium tolerance 
(Rubio et al., 1995). In summary, HKTl represents a putative pathway for 
high-affinity K+ uptake and low-affinity Na+ uptake. 
1.5.5.1.2 HAK/KUP transporter 
HAK/KUP transporters, a family of K+/H+ symporters, couple K+ 
movement to H+ gradient and are extremely selective for K+ (K+/Na+ ratio of 
1000) (Maathuis and Amtmann, 1999). This family transporters is 
composed of 12 membrane-spanning domains and a long cytosolic 
C-terminal domain (Kim et al., 1998). They mediate K+ and Rb+uptake with 
KM values in the |LIM range and are competitively blocked by Na+ when 
present in mM concentrations (Santa-Maria et al.，1997). 
Members of the HAK/KUP gene family in plants have been recently 
identified in barley and Arabidopsis (Santa-Maria et al., 1997; Fu and Luan, 
1998). Up to 13 related genes are present in Arabidopsis and members of 
the family have been detected in a number of other plants (Rubio et al., 
2000). The high number of genes encoding HAK/KUP transporters 
highlights the complexity of this family and suggests that these K+ 
transporters may have several different functions in the plant. They operate 
in roots as well as in shoots (Kim et al., 1998; Rubio et al., 2000), and 
possibly in the plasma membrane and in the tonoplast (Rodriguez-Navarro, 
2000; Serrano and Rodriguez-Navarro, 2001). The HvHAKl gene (Table 
1.5), a high-affinity K transporter of barley, is expressed exclusively in roots 
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and is induced when plants are starved for K+ (Santa-Maria et al., 1997). 
The AtHAK5 gene of Arabidopsis is constitutively expressed in roots and it 
is induced in shoots of K+-starved plants (Rubio et al., 2000). Disruption of 
another family member, AtKUP4, abolishes root hair elongation, illustrating 
the importance of these transporters in development and cell elongation 
(Serrano and Rodriguez-Navarro, 2001). 
It was reported that HvHAKl mediated Na+ uptake under high 
millimolars concentrations of Na+, and that K+ uptake by the dual affinity 
K+ transporter AtKUPl of A.thaliana (Table 1.5) was inhibited by external 
Na+ at both high- and low-affinity phases (Santa-Maria et al., 1997; Fu and 
Luan, 1998). Thus HAK/KUP transporters can be a pathway for Na+ uptake 
under saline conditions. 
1.5.5.2 Cation/H+ antiporters 
Most cations are transported against their electrochemical gradient 
using proton-coupled transporters (Maser et al., 2001). Cation/proton 
antiporters exclude cations from the cytosol to the outside across the plasma 
membrane or into the intracellular compartments (Sze et al., 1999). The best 
21 j 
examples of these are transporters that extrude Ca and Na from the 
cytosol to maintain low cytosolic concentractions. 
1.5.5.2.1 Na+/H+ antiporter 
Na+/H+ antiporters transport protons across a membrane in exchange 
for Na+, this exchange activity is driven by the H+ electrochemical gradient 
generated by the H+ pumps such as plasma membrane H+-ATPase or the 
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vacuolar membrane H+-ATPase and H+-pyrophosphatase (DuPont, 1992). 
They play a variety of functions such as the regulation of internal pH, cell 
volume and sodium level in the cytoplasm (Blumwald et al., 2000). 
Plant Na+/H+ antiporters have sequence similarity to mammalian NHE 
Na+/H+ exchangers and yeast NHXl, and contain 12 transmembrane 
spanning domains and the concensus FF(I/L)(Y/F)LFLLPPI amiloride 
binding domain (Yokoi et al., 2002). In mammals, this region is identified as 
the binding site of amiloride which inhibits the eukaryotic Na+/H+ 
exchanger (Fukuda et al., 1999). 
Na+/H+ antiporters (see Table 1.4) in plants have been demonstrated in 
both plasma membrane and tonoplast from not only halophytes but also 
glycophytes (Blumwald and Poole, 1985; Fukuda et al., 1999; Qiu et al., 
2002). The activity of vacuolar Na+/H+ antiporter is much higher in the 
salt-tolerant Plantago maritima than in the salt-sensitive media (Staal 
M.,et al., 1991). Plants are thought to remove excess Na+ from the 
cytoplasm by transporting it into the vacuole or out of the cell using Na+/H+ 
antiporters localized in the vacuolar and plasma membranes, respectively 
(Blumwald, 2000; Qiu et al., 2002). The Km value for Na+ was about lOmM 
in both antiporters (Fukuda et aL, 1999). 
Recently, genes coding putative Na+/H+ antiporters from Arabidopsis 
thaliana, halophyte Atriplex gmelini and rice have been reported (Fukuda et 
al., 1999; Hamada et al., 2001; Qiu et al., 2002; Yokoi et al., 2002). SOSl 
(Table 1.5), a plasma membrane Na+/H+ antiporter from Arabidopsis 
thaliana, has been demonstrated to be involved in the transport of sodium 
ions across the plasma membrane and be regulated by SOS (salt overly 
sensitive) pathway (Qiu et al., 2002). On the other hand, over-expression 
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of AtNhxl gene, the vacuolar antiporter, in A. thaliana confers salt 
stress tolerance (Table 1.4) (Apse et al., 1999). Transgenic tomato plants 
overexpressing a vacuolar Na+/H+ antiporter were able to grow and produce 
fruits in the presence of 200mM NaCl (Zhang H.M., et al, 2001). 
Table 1.4: Na+/H+ antiporters identified in plants.* 
Organism Subcellular localization References 
Atrip lex nummularia Plasma membrane (Hassidim et al., 1990) 
Corn Plasma membrane (Spickett et a l , 1993) 
Tobacco Plasma membrane (Watad, et al. 1986) 
Tomato Plasma membrane (Wilson and Shannon, 1995) 
Arabidopsis thaliana Plasma membrane (Qiu et al., 2002) 
Arabidopsis thaliana Tonoplast (Apse et al., 1999) 
Barley Tonoplast (Garbarino and DuPont, 1988; Fan et 
al., 1989) 
Catharantheus roseus Tonoplast (Guem et al , 1989) 
Red beet Tonoplast (Blumwald and Poole, 1985; 
Niemietz and Willenbrink, 1985) 
Messembryanthemum crystallinum Tonoplast (Barkla et al., 1995) 
Sunflower Tonoplast (Ballesteros et al., 1996) 
Plantogo maritima Tonoplast (Staal et al., 1991) 
Atriplex gmelini Tonoplast (Hamada et al., 2001) 
Oryza sativa Tonoplast (Fukuda et al., 1999) 
Ipomoea nil Tonoplast (Yamaguchi et al., 2001) 
*Modified from Blumwald (2000). 
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1.5.5.2.2 Ca2+ /H+ antiporters 
Modulation of cytosolic Ca^^ level is essential for adapted 
physiological responses. Ca^ "" transport via Ca^^ /H+ antiporters is one 
mechanism to maintain a low cytosolic Ca^^ concentraction (Hirschi, 2001). 
2+ + 
In general, Ca /H antiporters have 10-14 transmembrane domains and 
contain a central hydrophilic motif rich in acidic amino acid residues (the 
acidic motif) (Ettinger et al., 1999). However, this region has never been 
shown to mediate Ca:. transport. 
Two plant Ca^^/H^ antiporters, CAXl (Cation exchanger 1) and CAX2, 
were identify from Arabidopsis by their ability to sequester C a � . into 
vacuoles in yeast mutants defective in vacoular Ca^^ transport (Hirschi, 
2001). In the yeast vacuolar Ca^^/H^ antiporter, VCXl, amino acid residues 
within membrane spanning domains appear to help mediate ion transport 
(Cunningham and Fink, 1996). It was found that Km for C a � . of both CAXl 
and CAX2 is approximately 10-30 JLIM and CAXl has a much higher 
^ I 
capacity for transport Ca than CAX2. 9-amino-acid region in a hydrophilic 
loop that separates membrane spanning domains 1 and 2 of CAXl is 
2+ 
identified to be a Ca domain for regulating ion transport (Shigaki et al., 
2001). 
However, CAXl and CAX2 are only 47% identical in amino acid level 
and appear to have different ion specificities (Maser et al., 2001). 
Transgenic tobacco plants expressing Arabidopsis CAXl gene display 
2+ 
altered Ca level and are perturbed in stress response (Hirschi, 2001). 
Transgenic tobacco plants expressing CAX2 accumulate cadmium, calcium, 
and manganese ions and have increased tolerance to Mn^ "^  stress (Maser et 
al., 2001). 
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1.6 Ion homeostasis and salt tolerance 
1.6.1 Ion transporters involved in ion homeostasis during salt stress 
The toxicity of salinity imposed on plant growth (discussed in section 1.3) 
indicated that the homeostasis of the intracellular concentrations of cations, 
mostly, Na+ and K+, are of primary importance in the tolerance to salt stress. 
Ion transporters can selectively uptake and retranslocate the ions, thus play 
crucial roles in the ion homeostasis during salt stress (Serrano et al., 1999). 
Under typical physiological conditions, plants consist of relatively high 
concentrations of K+ (100 mM) and magnesium (1 mM) and relatively low 
concentrations of Na+ (10 mM), proton (0.1 )iM) and calcium (0.1 jiiM) 
(Serrano et al., 1999; Blumwald et al., 2000). Ion transporters set the 
intracellular ion concentrations within the optimal range for cellular systems. 
NaCl tolerance requires regulation of ion transport. The degree of NaCl 
tolerance and strategies for distribution of ions vary between plants, but some 
generalization can be made. The ability to maintain a high K+/Na+ ratio in the 
cytoplasm is thought to be a common strategy for salt-tolerance (DuPont, 
1992). A lower Na+/K+ ratio in the shoots associated with salt tolerance in 
wheat has been reported (Dvorak J., 1992). The proteins required for ion 
selectivity and redistribution of K+ and Na+ include: (i) primary proton pumps, 
to provide the energy for ion transport (Bohnert et al., 1995); (ii) cation 
channels with high selectivity for K+ over Na+ (Blumwald et al., 2000); (iii) 
Na+/H+ antiporters in the plasma membrane, for excluding excess Na+ out of 
the cell (Blumwald et al., 2000); (iv) Na+/H+ antiporters in the tonoplast, for 
compartmentation of excessive Na+ ions into the vacuole (Blumwald et al., 
2000) and (v) chloride channels for pumping CI" into vacuole for electrical 
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balance (see Figure 1.4). 
1.6.2 Na+ uptake under salt stress 
A rise in extracellular Na+ concentrations during salt stress will establish 
a large Na+ eletrochemical potential gradient that will favor the passive 
transport of Na+ from the environment into the cytosol (Blumwald et al., 2000). 
In a recent review on the mechanisms of Na+ uptake by plant cells, it is 
proposed that Na+ can be transported into the cell through K+ transporters 
(Figure 1.5) (Amtmann and Sanders, 1999). 
Electrophysiological studies have shown that voltage-independent cation 
channels (VIC) in the plasma membrane are responsible for the Na+influx into 
plant cells (White, 1999). These channels are not gated by voltage and have a 
relatively high Na+ to K+ selectivity. In conditions of high external Na+/K+ 
ratio, VICs open to allow massive influx of Na+ into plant cells (Amtmann and 
Sanders, 1999). Hence, it is concluded that VICs constitute the main pathway 
for Na+ uptake into cells during high salt conditions. 
Non-selective outward-rectifying potassium channels (NORC) also play a 
role in mediating Na+ influx into cell. NORCs open during the depolarization 
of the plasma membrane and do not discriminate between cations, thus could 
mediate the efflux of K+ and the influx of Na+ (Schachtman et al., 1991). 
Under saline environment, an increase in external Na"^  concentration (100 mM) 
can induce the depolarization of root plasma membrane, which activates 
outward-rectifying potassium channels, thus providing a pathway for the 
diffusion of Na+ into plant cells down its electrochemical gradient (Blumwald 
et al., 2000). 
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Figure 1.4: Ion transporters involved in ion influx, efflux, translocation and 
compartmentation of Na+, K+ and CI" for ion homeostasis in plant.* 
*Modified from Maathuis and Amtmann (1999). 
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Another candidate to mediate Na+ uptake are members of the HKT family 
of potassium transporters. HKT transporter functions as a Na+/K+ symporter 
under typical physiological conditions but become a Na+/Na+ cotransporter at 
high external Na+ concentrations (Blumwald et al., 2000). It has been shown 
that HKTl could provide a pathway for the influx of Na+ into plant cells under 
high external Na+ concentrations (Rubio et al., 1995). Recently, LCTl, a 
low-affinity cation transporter identified in wheat, has been reported to 
mediate the influx of Na+ into plant cell (Schachtman et al., 1997). 
In order to maintain a high cytosolic K+/Na+ ratio, three mechanisms are 
available to plant cells to prevent excessive accumulation of Na+ in the cytosol. 
They are selective ion uptake, sodium extrusion and intracellular 
compartmentation (Blumwald, 2000; Serrano and Rodriguez-Navarro, 2001). 
Here, these mechanisms will be discussed one by one. 
1.6.3 Selective ion uptake 
Na+ ions entry into plant cell is mainly through pathways that function in 
the acquisition of K+, thus selective ion uptake for K+ over Na+ can raise the 
cytoplasmic K+/Na+ ratio (Blumwald et al., 2000). Watad and associates have 
demonstrated that enhanced uptake of K+ is correlated with salt tolerance in 
tobacco cell (Watad A. EA., 1991). Inward-rectifying potassium channels 
(KIRC) such as AKTl, which display a high selectivity for K+over Na+, can 
fulfill this function (Hirsch et al., 1998). 
KIRCs activate potassium influx upon hyperpolarization. It has been 
indicated that AKTl functions in high-affinity potassium uptake in the 
micromolar concentration range and play a major role in root K+ uptake 
(Lagarde et al., 1996). A knock-out mutant of AKTl in A. thaliana displays 
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similar sensitivity to NaCl as the wild type, suggesting that this channel does 
not play a role in Na+ uptake (Spalding et al, 1999). These results support that 
AKTl not only can selectively uptake K+ from outside and but also can restrict 
Na+ influx into plant cells under high salt conditions. 
tytoaol p . , , f … I , i 
I f f T 嫌 脚 
NORC \flC AKTl MKTI 
Figure 1.5: Na+ uptake and extrusion at the plant plasma membrane. Different 
plasma membrane potassium carriers can mediate the influx of Na+ into the cells. 
AKTl is a low-affinity K+ channel with a higher K+/Na+ selectivity. HKTl is a 
high-affinity K+/Na+ symporter. Outward rectifying channels, such as NORC, are 
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activated by Ca and do not discriminate between Na+ and K+. 
Voltage-independent channels (VIC) have a higher Na+/K+ selectivity. The main 
mechanism for Na+ extrusion is powered by the plasma membrane H+-ATPase. 
The electrochemical gradient for H+ is used by a Na+/H+ antiporter that couples 
the downhill movement of H+ with the active extrusion of Na+ (Modified from 
Blumwald, Aharon et al. 2000). 
1.6.4 Sodium extrusion 
Excess Na+ in the cytoplasm can be extruded back to external or to the 
apoplastic spaces to avert the deleterious effects of Na+. Na+/H+ antiporter in 
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the plasma membrane can fulfill this role (Blumwald et al., 2000). 
Na+ extrusion through the plasma membrane Na+/H+ antiporters is driven 
by the inwardly directed proton gradient build up by the P-type H+-ATPase. 
The H+-ATPase uses the energy of ATPase hydrolysis to pump H+ out of the 
cell, generating an electrochemical H+ gradient. This proton motive force 
generated by the P-type H+-ATPase allows the plasma meambrane 
antiporter to extrude Na+ against its electrochemical gradient out of the cell 
coupling the downhill movement of H+ into the cell (Blumwald et al., 2000; 
Serrano and Rodriguez-Navarro, 2001). 
Evidence consistent with the operation of plasma membrane plasma 
meambrane Na+/H+ antiporters has been obtained in different plant species 
(see Table 1.3). The plasma membrane Na+/H+ antiporter activity increased in 
the halophyte Atrip lex nummularia when the external NaCl concentration was 
incresed (Hassidim, Braun et al. 1990). Also, in Atriplex, the NaCl-dependent 
increase of plasma membrane Na+/H+ antiporter activity is correlated with an 
increase in plasma membrane H+-ATPase activity (Braun et al., 1986; 
Hassidim et al., 1990). 
Recently, a plasma membrane Na+/H+ antiporter encoded by the 
Arabidopsis SOSl gene (Shi et al., 2000) has been identified as a genetic locus 
required for salt tolerance in Arabidopsis (Wu et al., 1996). The Na+ efflux 
capacity of SOSl was demonstrated by its complementation of a yeast mutant 
defective in Na+ extrusion (Shi et al., 2002). Moreover, it has been shown that 
SOSl is regulated by the SOS signal transduction pathway for ionic 
homeostasis under salt stress (Figure 1.6) (Zhu, 2000). 
The current model of the signal transduction events in the SOS pathway 
suggested that S0S3 (a calcineurin B-like Ca^'^-binding protein) (Ishitani, et 
35 
al.，2000; Liu and Zhu, 1998) perceives changes in cytoplasmic Ca^^ levels 
elicited by salt stress. S0S3 subsequently transmits the signal to S0S2 
(Peterson, et al., 1999; Ziihlke, et al.，1999)，a serine/threonine protein kinase 
(Liu, et al., 2000). The activated S0S2 (Halfter et al., 2000) can modulate 
SOSl activity (Shi, et al” 2000) via transcriptional factors or phosphorylation 
of the exchanger. SOSl may function in either loading Na+ into the xylem or 
retrieving Na+ from the xylem, since the studies on the tissue-specific 
expression of SOSl have shown that this transporter is primarily localized in 
cells bordering the xylem elements (Zhu, 2000). However, only SOSl, S0S2 
and S0S3 were proven to involve in this pathway (Figure 1.6). Other 
components of this pathway are waiting to be discovered. 
1.6.5 Intracellular compartmentation 
Apart from sodium extrusion, internalized Na+ ions can also be stored in 
vacuoles to maintain a non-toxic level of Na+ and high K+/Na+ ratio in the 
cytosol. Vacuolar compartmentation of salt ions is an efficient strategy for 
plant cells to deal with salt stress because the stored ions (Na+ and CI ) can act 
as an osmoticum within the vacuole to maintain an osmotic potential that 
draws water flow into plant cell (Glenn et al., 1997). The presence of large, 
acidic-inside, tonoplast-bound vacuoles in plant cells allows the efficient 
compartmentation of Na+ into the vacuole, through the operation of vacuolar 
Na+/H+ antiporters that is driven by the electrochemical gradient of protons 
generated by the vacuolar H+-ATPase and the H+-PPiase 
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(Blumwald and Poole, 1985; Apse et al., 1999). 
The presence of a vacuolar Na+/H+ antiporter activity has been identified 
in different plant species including red beet, barley, sunflower, salt-tolerant 
Plantago maritima and halophyte Atriplex gmelini (see Table 1.4) (Barkla and 
Pantoja, 1996). In general, tonoplast Na+/H+ antiporter activity is induced by 
growth in NaCl. An inducible Na+/H+ antiporter activity was demonstrated in 
tonoplast from barley roots grown in the presence of NaCl (Garbarino and 
DuPont, 1988). In Plantago species, the vacuolar Na+/H+ antiporter activity is 
only present in the salt-tolerant Plantago maritima, but not in the salt-sensitive 
Plantago media (Staal et al., 1991). The absence of vacuolar Na+/H+ antiporter 
activity may be related to general property observed in salt-sensitive plants 
that rely on extrusion of Na+ ions at the plasma membrane and not in the 
accumulation of Na+ in the vacuoles (Barkla et al., 1994). 
Halophytes are known to accumulate large amounts of Na+ in the vacuole 
(Flowers et al., 1977). Vacuolar Na+/H+ antiporters have been cloned from 
both halophyte Atriplex gmelini {AgNHXl) (Hamada, et al, 2001) and 
glycophytes including Arabidopsis thaliana {AtNHXl) (Gaxiola, et al., 1999) 
and rice (OsNHXl) (Fukuda, et al., 1999). Transgenic tomatos overexpressing 
a vacuolar Na+/H+ antiporter, AtNhxl, has been demonstrated to grow, flower 
and produce fruit in the presence of 200mM NaCl. More significantly, the Na+ 
and c r content in the foliages of the transformed plants was 20-fold higher 
than that of the untransformed plants, while Na+ and CI" contents in 
transformed tomato fruits were remained low. All these findings indicate the 
important roles of regulation of the cytosolic Na+ concentration in plant salt 
tolerance (Zhang and Blumwald，2001). 
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However, mechanisms that regulate the activity of the vacuolar Na+/H+ 
antiporter and its expression under normal growth conditions and during salt 
stress have not yet been elucidated. 
1.6.6 Genetic engineering of ion transporter for improvement of salt tolerance 
Improving the salt tolerance capability of crop plants is a long-term goal 
to solve the problem of soil salinization in the world and to reclaim the saline 
lands for agriculture use to increase productivity. Although salt tolerance is a 
multigenic phenotype, it is believed that some single genes could confer major 
effects. This has been demonstrated in the cases of genetic engineering of ion 
transporters including activity modification and overexpression techniques. 
Increased K^ selectivity over in point mutations of the sixth putative 
transmembrane domain of HKTl was reported to increase sodium tolerance. 
The sosl mutant of A. thaliana’ which is hypersensitive to Na+ and Li+，is 
unable to grow in a condition of low K+ (Wu et al., 1996). The expression of 
wheat Hktl in sosl mutant plants alleviates the salt-sensitive phenotype 
(Schroeder et al., 1998). Partial deletion of a large charged loop region in 
HKTl resulted in decreased influx and increased K^ influx in yeast, thus 
confers salt tolerance (Liu et al., 2000). 
The overexpression of AtNhxl, a vacuolar Na+/H+ antiporter, in A. 
thaliana (Apse et al., 1999) allowed the transgenic plants to grow in 200 mM 
NaCl. Moreover, Transgenic tomato plants overexpressing AtNhxl were able 
to grow and produce fruit in the presence of 200mM NaCl (Zhang and 
Blumwald, 2001), suggesting the possibility of engineering crop plants with 
improved salt tolerance. 
Besides, transgenic Brassica napus plants overexpressing AtNhxl were 
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able to grow, flower and produce seeds in the presence of 200 mM NaCl. More 
importantly, the seed yields and the seed oil quality were not affected by the 
high salinity of the soil (Zhang et al., 2001). B. napus, commonly known as 
rapeseed, represents one of the most important oilseed crops that is being 
cultivated worldwide. The sustained growth of the transgenic plants, the seed 
yields and the quality of the seed oil further demonstrate the potential use of 
these transgenic plants for agricultural use in saline lands. 
Examples mentioned above support the notion that enhancing salt 
tolerance of crop plants by expressing a single target gene (encoding an ion 
transporter) is a feasible approach in agriculture. 
1.7 Soybean as a target for studies of salt tolerance 
1.7.1 Economic importance of soybean 
Soybean {Glycine max), which is believed to derive from a native legume 
Glycine ussuriensis (Christou, 1992)，contains rich nutritional compositions 
including protein, oil, sugar and fiber in the seed (Table 1.6). 
Soybean is economically the most important legume crops in the world. 
As shown in Figure 1.7，it combines in one crop both the dominant world 
supply of edible vegetable oil (28%), and the dominant supply of high-protein 
feed supplements (64%) (data from Web site of ASA). Moreover, other 
fractions and derivatives of the seed have substantial economic importance in a 
wide range of industrial, food, pharmaceutical, and agricultural products 
(Smith and Huyser, 1987). The United States is the principal world supplier of 
soybeans while China is the fourth largest production country (Figure 1.8) 
(from FAO statistics, 2000). 
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Table 1.6; Chemical composition of soybean*. 
Components Average value (%) 
Ash 4.99 
Crude oil 
Crude fiber 5 52 
Crude protein 松 
Sugar 7 97 
Phosphorus 0 66 
Potassium 1 
Calcium q 275 
*Adopted from Christou, 1992. 
A 
1 Palm Kernel 
e . , h 边 Peanut Copra Sunflowerseed 4% �<^ 
B ^ Palm Kernel Olive Fish Coconut ^^  ^^  Cottonseed 明 3% 3% 1% 
1 狱 Palm 
16% 25% 
Figure 1.7: A, World protein meal production in 1999. B, World vegetable and 
marine oil consumption in 1999 (Source: Web site of ASA). 
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India Others 
3% 8% 
Brazil 
20% 
Figure 1.8: Worldwide soybean production in metric tons (From FAO statistics, 2000). 
1.7.2 Salt tolerant soybeans in China 
Maas and Hoffman have categorized crop species into four groups: 
sensitive, moderately sensitive, moderately tolerant and tolerant (Maas and 
Hoffman, 1977) (Table 1.7). Most fruit trees, carrot and onion are in the 
sensitive group. Their threshold salinity level (maximum salinity without yield 
loss) is below 2.0 dS Rice, corn, tomato and lettuce belong to the 
moderately sensitive group, whereas soybean, wheat, cowpea and sorghum are 
moderately tolerant. Their threshold salinity level ranges from 4.9 to 6.8 dS 
m-i. 
Since soybean is a moderately salt tolerant (Table 1.7) and an 
economically important crop, study of salt tolerance mechanism in this crop 
plant may help to increase its yield on saline lands and also the findings in it 
may be applicable to crops that are more salt sensitive，such as carrot and 
oranges. 
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Table 1.7: Degrees of salt tolerance of some important crops.* 
Crop Threshold salinity level 
(EC = dS/m) 
Tolerant crops 
Barley {Hordeum vulgare) g 0 
Cotton {Gossypium Hirsutum) 7 7 
Tall wheatgrass (Agropyron longatum) 7 5 
Sugarbeet {Beta vulgaris) 7 q 
Bermudagrass (Cynodon dactylon) 6 9 
Moderately tolerant crops 
SorarlBarm {Sorghum bicolor) 6 8 
Wheat {Triticum aestivum) 6 0 
Durum wheat (Triticum turgidum) 5 7 
Perennial ryegrass (Lolium perenne) 5 5 
Soybean {Glycine max) 5 q 
Cowpea {Vigna unguiculatd) 4 9 
Moderately sensitive crops 
Rice (Oryza sativa) 3 q 
Tomato (Lycopersicon lycopersicum) 2 5 
Alfalfa (Medicago sativa) 2 0 
Com (Zea mays) 1 y 
Sugarcane (Saccharum officinarum) \ j 
Berseem clover (Trifolium alexandrinum) 1 5 
White clover (Trifolium repens) \ 5 
Red clover (Trifolium prat ens e) 1 5 
Lettuce (Lactuca sativa) j 3 
Sensitive crops 
Orange (Citrus sinensis) j 7 
Peach (Prunus persica) 1 7 
Apricot (Prunus armeniaca) j 6 
Plum (Prunus domestica) j 5 
Onion (Allium cepa) j 2 
Bean (Phaseolus vulgaris) 1 0 
Carrot (Daucus carota) j Q 
*Adopted from Ashraf (1994). The degree of salt tolerance of soybean was 
highlighted in box. 
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Soybean is originated from China. It was domesticated in China more 
than 5000 years ago. A large collection of soybean germplasms including wild 
and cultivated are available in China，which represents valuable genetic 
resources to screen for salt tolerance genes. The salt tolerance capabilities 
among different varieties exhibit observable differences (Shao, et al.’ 1986). 
Shao and colleagues have screened a total of 2000 soybean varieties in an open 
field (Shao, et al., 1986; Shao, et al., 1987) to score for salt tolerant varieties. 
1.7.3 Previous studies ofWenfeng? and Union in our laboratory 
Wenfeng? is one of the salt tolerant cultivated soybeans screened and 
identified by our collaborator Prof. Shao, Guihua from the Institute of Crop 
Breeding and Cultivation in the Chinese Academy of Agricultural Science 
(Shao, et al., 1986; Shao, et aL, 1987). It shows salt tolerance in all 
developmental stages (Shao et al., 1993). Union, a cultivated soybean from 
USA, is one salt sensitive variety. Genetic analysis by the cross between 
Wenfeng? and Union has shown that all the F1 progenies were salt tolerant 
and the F2 progenies exhibited phenotypes of salt tolerance to salt sensitive in 
a ratio of 3:1 (Table 1.8). This suggests that the salt tolerance phenotype of 
Wenfeng? is inherited via a single dominant locus (Shao, et al., 1994). 
Ion distribution pattern of Na+ and K+ in the leaf and root of salt-tolerant 
and salt-sensitive progenies from the cross between Wenfeng? and Union has 
been studied previously in Dr. Hon-Ming Lam's Lab. It was found that both 
F3 and F4 salt-tolerant progenies exhibited a lower Na+/K+ ratio in the leaf 
tissue compared to salt-sensitive progenies. In addition, the Na+/K+ ratio is 
lower in the leaf than the root in salt-tolerant progenies and the difference is 
44 
statistically significant (a= 0.05), whereas the differential ion distribution 
pattern in salt-sensitive progenies is not significant (Figure 1.9)(unpublished 
data in Dr. Hon-Ming Lam's Lab). Differential ion distribution in leaf and root 
tissues between salt-tolerant and salt-sensitive progenies suggested that salt 
tolerance gene in Wenfeng? may encode a product related to ion transport. 
Table 1.8: Mendelian genetic analysis on the salt tolerance phenotype of Wenfeng?.* 
1992 1993 
Plant Genera Total Salt Salt Total Salt Salt 
tion plants tolerance sensitive plants tolerance sensitive 
Wenfeng 7 Parent 22 22 0 85 85 0 
Union Parent 23 0 23 78 0 78 
Wenfeng 7 F1 4 4 0 --
X Union F2 164 125 39 1138 829 309 
Wenfeng 7 F1 7 7 0 -
X Union F2 22 16 6 433 312 121 
* Modified from Shao, etal., 1994. 
Na+/K+ ratio in leaf & root of the salt tolerant 
and salt sentitive progenies 
n 1 o — — — 
U • I ^ m 1 
^ 0.1 - . T T 1 
芸 0 06 m f j - l l p i r T : — leaf I 
o 0 : 0 4 —  T F H 丄 _ � " P I I 
1 ， 1 _ I m m m I 
F3T F3S F4T F4S 
Figure 1.9: Ion distribution pattern of salt-tolerant and salt-sensitive progenies 
from Wenfeng? and Union. The 2-weeks-old F3 and F4 progenies were treated 
with 15 dS m'^salt mixture for 7 days in an open experimental field. The ion 
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content of K+ and Na+in the leaf and root was determined by Inductive-Coupled 
Plasma Spectroscopy (ICP) analysis and expressed in the ratio of Na+/K+ to act 
as an internal control. T: salt-tolerant progeny; S: salt-sensitive progeny. 
(Unpublished data from Dr. Hon-Ming Lam's Lab) 
1.7.4 Hypothesis and research strategy of my project 
The hypothesis of my project is that ion transporters such as Na+/H+ 
antiporter (NHX), inward-rectifying K+ channel (AKT) and chloride channel 
(CLC) that involved in regulation of the ion distribution and ion homeostasis 
confer salt tolerance in WenfengT. 
In order to test this hypothesis, we cloned and characterized the ion 
transporters from WenfengT. Since little information is available on ion 
transporters in soybean, degenerated primers (Table 1.9) based on the 
consensus amino acid sequences of known ion tranporters previously 
determined in other species (including bacteria, yeast, fungi, human and barley) 
were used to clone cDNA fragments of soybean NHX, AKT and CLC from 
Wenfeng? (unpublished data in Dr. Hon-Ming Lam's Lab). These obtained 
partial cDNA fragments are about 500 bp, 300 bp and 150 bp in length, 
respectively, for putative Nhx, WAT and CLC genes. 
In my research, 5' & 3' Rapid Amplification of cDNA Ends (RACE) 
technique was used to clone the full length cDNA sequences of these ion 
transpoters from WenfengT. Detailed gene expresssion profiles were studied 
using northern blot hybridization and RT-PCR. Sequence analysis and 
comparison of ion transporters from WenfengV and Union were performed. 
Functional tests using transgenic A. thaliana overexpressing Na+/H+ antiporter, 
inward-rectifying K+channel and chloride channel genes from WenfengV were 
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carried out to determine the salt tolerance capacity. 
Table 1.9: Degenerated primers for degenerated PGR cloning of ion transporters 
from Wenfeng?. (Unpublished data from Dr. Hon-Ming Lam's Lab) 
Degenerated primer for Primer sequences* 
Na+/H+ antiporter (Nhx) 5 'TNTTYGGNGARGGNGTIGTIA 3, 
Na+/H+ antiporter (Nhx) 5, WSCATNACIATNCCRCARAA 3, 
Inward-rectifying K+ channel (AKT) 5, ATHGTNAAYYIITTYTTYGC 3, 
Inward-rectifying K+ channel (AKT) 5, ATGYTITTYAAYYTNGGNYT 3 ’ 
Inward-rectifying K+ channel (AKT) 5, TAYYTNATHGGIAAYATGAC 3, 
Inward-rectifying K+ channel (AKT) 5, ATIWTRCARAAYGARGCNCC 3, 
Inward-rectifying K+ channel (AKT) 5, TCIACRTCRTCDATYTCNGC 3, 
Inward-rectifying K+ channel (AKT) 5 'GTCATRTTICCDATNARRTA 3, 
Inward-rectifying K+ channel (AKT) 5，GGNGCYTCRTTYTGYASIAT 3， 
Chloride channel (CLC) 5 ’ YTNTTYAARCANGAYTGG 3, 
Chloride channel (CLC) 5 'GAYTAYGARATHAAYGARAA 3, 
Chloride channel (CLC) 5, GARAAYATHGCIGGNTAYAA 3, 
Chloride channel (CLC) 5, GAIGCNCCNGTRTGNACCAT 3, 
Chloride channel (CLC) 5, TGGYTNMGITAYTAYAANAA 3, 
Chloride channel (CLC) 5, TTNTTRTARTAICKNARCCA 3, 
Chloride channel (CLC) 5, ARICKNACNGTCATNCKCAT 3, 
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Putative sodium proton exchanger: Nhx (SOObp) 
dbj|BAA83337.1| (AB021878) similar to yeast sodium/proton e... 144 3e-34 
gb|AAD 16946.11 (AF106324) sodium proton exchanger Nhx 1 [Ara…143 7e-34 
gb|AAD56988.11AC009465一2 (AC009465) putative sodium proton …141 2e-33 
gb|AAF08577.1|AC011623_10 (ACOl 1623) putative sodium proton … 1 4 0 4e-33 
Putative potassium channel: AKT (300bp) 
pir||T07651 potassium channel protein SKTl - potato >gi|151... 117 le-35 
pir||S62694 potassium channel protein AKTl - Arabidopsis th... 119 8e-35 
pir||S23606 potassium channel protein AKTl - Arabidopsis th... 119 8e-35 
emb|CAA12645.1| (AJ225805) inward potassium channel alpha s... 113 8e-32 
Putative chloride channel: CLC (ISObp) 
gb|AAD29679.1|AF 133209—1 (AF133209) CLC-Nt2 protein [Nicoti... 73 5e-13 
emb|CAA96058.1| (Z71446) CLC-b chloride channel protein [Ar... 70 2e-12 
gb|AAB17007.11 (U72151) voltage-gated chloride channel [Ara.•. 61 2e-09 
emb|CAA96057.1| (Z71445) CLC-a chloride channel protein [ A r … 6 1 2e-09 
Figure 1.10: Blastx analysis of sequenced putative genes cloned from degenerated 
PCR using degenerated primers of Na+/H+ antiporter (Nhx), inward-rectifying K+ 
channel (AKTl) and chloride channel (CLC). (Unpublished data from Dr. Hon-Ming 
Lam's Lab) 
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2. Materials and methods 
2.1. Materials 
2.1.1. Plant materials 
In this study，a salt-tolerant soybean variety, Wenfeng? (WF), and a salt 
sensitive counterpart, Union (UN), were employed (Figure 2.1). These two 
cultivars were obtained from the Institute of Crop Breeding and Cultivation at 
the Chinese Academy of Agricultural Sciences. A. thaliana ectotype 
Columbia-0 (Lab stock) were used as the 們如 c胁 / • - m e d i a t e d plant 
transformation host. 
、 - a , 》 ） 、 ‘ 、 4 
- 气 ： ； 1 , f 
Figure 2.1: The contrasting phenotypes of Wenfeng? and Union grown on sand treated 
with 1.5% NaCl for 10 days. 
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2.1.2. Bacteria strains and plasmid vectors 
Escherichia coli DHSce (Lab stock) and pBluescript II KS (+) (Strategene, 
La Jolla, CA, U.S.A.) were used for gene cloning and recombinant DNA 
experiments. For vacuum infiltration transformation of A. thaliana ecotype 
Columbia-0 (Col-0), the Agrobacterium tumefaciens strain GV3101 containing 
the helper Ti-plasmid pMP90 (Koncz and Schell, 1986) and the plant 
expression vector V7 (Brears，et al., 1993.) were employed as the bacterial host 
and vector, respectively, for the target genes. 
2.1.3. Growth media for soybeans and A. thaliana 
Sand purchased from Sue's Plant House Ltd. (Tai Po Market, Hong Kong) 
was used as the substratum for soybeans growth and was irrigated with 
Hoagland's solution (Hoagland and Amon, 1938). Murashige & Skoog (MS) 
salt mixture (Murashige and Skoog, 1962) and Metromix-200 soil purchased 
from Gibco BRL (Grand Island, NY, U.S.A.) and Hummert International 
Horticultural Supplier (Early City, MO, USA), respectively, were used for the 
growth of A. thaliana. 
2.1.4. Chemicals and reagents used 
Regular chemicals were purchased from Sigma-Aldrich Co. (Saint Louis, 
MO, U.S.A.). Bacterial growth media were from Difco (Sparks, MD，U.S.A.) 
and antibiotics used in bacteria and plant cultures were purchased from 
Sigma-Aldrich Co. (Saint Louis, MO, U.S.A.). Silwet-77 for plant 
transformation experiment was from Lehle seeds (Round Rock, TX, U.S.A.). 
Restriction enzymes for DNA manipulation were from Promega Biosciences 
(San Luis Obispo, CA, U.S.A.) while other enzymes and reagents for molecular 
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biology experiments were from Roche Diagnostic limited (Basel, Switzerland) 
and Clontech Laboratories, Inc. (Palo Alto, CA，U.S.A.) (Appendix I). Detailed 
information of used chemicals and reagents was listed in Appendix II with 
suppliers provided. 
2.1.5. Solutions used 
Major common solutions used in this research are summarized in 
Appendix III with formula provided. 
2.1.6. Commercial kits used 
The major commercial kits used in this research are summarized in 
Appendix IV with suppliers provided. 
2.1.7. Equipment and facilities used 
All equipment and facilities used in this research were provided by 
Department of Biology, CUHK. The inventory is shown in Appendix V. 
2.1.8 Primers used 
Except V7，T3 and T7 primer (Lab stock; Figure 2.2), all gene specific 
primers (GSPs) designed for subcloning, sequencing and PCR screening were 
ordered from Integrated DNA Technologies, Inc (Coralville lA, U.S.A.), Tech 
Dragon Limited (Shatin, N.T., H.K.) and Gibco BRL (Grand Island, NY， 
U.S.A.). 
V7 primer: 5，TCCAACCACGTCTTCAAAGC-3 ‘ 
T3 primer: 5 ‘-AATTAACCCTCACTAAAGGG-3 ‘ 
T7 primer: 5 ‘ -GTAATACGACTCACTATAGGGC-3 ‘ 
Figure 2.2: V7, T3 & T7 primer used for sequencing and PCR screening 
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2.2 Methods 
2.2.1 Cloning of ion transporters 
2.2.1.1. Sample preparation 
Wenfeng? and Union were grown in environmentally controlled walk-in 
chamber in the Biology Department at the Chinese University of Hong Kong. 
Temperature and humidity were ranged from 24�C to 28�C and 60% to 80%, 
respectively. The seeds were germinated in sand irrigating with tap water. After 
the opening of the first trifoliate, they were irrigated with Hoagland's solution 
supplemented with 0.9% NaCl. After 3 days treatment, the leaves and roots of 
salt-treated and control seedlings of Wenfeng? and Union were collected for 
total RNA extraction. 
2.2.1.2 Total RNA extraction 
The total RNA of the soybean samples collected above was extracted by a 
modified phenol:chloroform:isoamylalcohol (P:C:I) (25:24:1) protocol 
(Ausubel, et al., 1995). The tissues were powdered in a pre-cooled mortar and 
pestle under liquid nitrogen. Per one gram of tissue, 5ml of extraction buffer 
(200mM Tris base, 400mM KCl, 200mM sucrose, 35mM MgCl2.6H20，25mM 
EGTA, pH9.0) and 5ml of P:C:I were added. The samples were mixed well and 
transferred to a 50ml Falcon tube. The mixture was shaken vigorously and then 
centrifuged at 8,000rpm (Centrifuge 581 OR, Eppendorf) for 5 minutes at 4'^ C. 
The upper (aqueous) layer was transferred to a new 50ml Falcon tube, the 
lower layer was reextracted with one volume of P:C:I, shaken vigorously and 
centrifuged at 8,000rpm for 5 minutes at 4�C again. The upper (aqueous) layer 
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was transferred to the 50ml Falcon tube to pool the extracts from the same 
sample, before extracted with one volume of chloroform:isoamylalcohol (24:1) 
(C:I), shaken vigorously and centrifuged at 8,000ipm for 5 minutes at 4�C. The 
upper (aqueous) layer was transferred to a new 50ml Falcon tube and 1/10 
volume of 3M sodium acetate, pH 5.2，and 2 volume of absolute ethanol were 
added. The samples were inverted several times and stored at -20 C^ overnight, 
before centrifuged at 8，000rpm for 20 minutes at 4�C. The supernatant was 
removed while the pellet was resuspended in 1ml of 3M sodium acetate (pH5.6) 
and transferred into a microcentrifuge tube and centrifuged for 10 minutes at 
12,000 rpm at 4°C and this procedure is repeated once. The resulting pellet was 
resuspended in 0.4ml of 0.3M sodium acetate, pH 5.6, and reprecipitated with 
1ml absolute ethanol at —20�C overnight. The samples were then centrifuged at 
12,000 rpm (Centrifuge 5810R, EppendorQ at 4 � C for 20 minutes. The 
supernatant was removed and the pellet (total RNA) was air-dried and then 
resuspended in SO-lOOjul DEPC-treated water. 
The quantity and quality of total RNA was determined by 
spectrophotometric measurements at optical density 260nm and 280nm. 
2.2.1.3 Primer design for RACE 
Gene sepecific primers (GSPs) for 5，& 3 Rapid Amplification cDNA 
Ends (RACE) were designed based on partial cDNA fragments of putative 
Na+/H+ exchanger (Nhx), Cr channel (CLC) and K+ channel (AKTl) of 
WenfengV obtained by PCR amplification using degenerate primers 
(unpublished data in Dr. Hon-Ming Lam's Lab). All GSPs are 22-27 nt long 
with a Tm at least 65°C and have a GC content of 50-70%. A detailed list of 
their sequences was shown Table 2.1. 
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Table 2.1: GSPs of Nhx, CLC and AKTl used for 5' & 3,RACE 
Primer 
Sequences Description 
name 
5，- ATG CGG GGT AC A AGT TTC 
HMOL792 ^ ^ GSP for3' RACE of CLC 
5’-GCA AAA CAC ACA CAC AGA 
HMOL793 GSP for 5' RACE of CLC 
ATAGAA GC-3' 
5’-CGC CCG TGG AAA TAT AGG — 
HMOL969 Nested GSP for 5' RACE of CLC 
AAA CC-3' 
5，-GGC CTG GAA TAC CTG AAA 
HMOL970 , Nested GSP for 3’ RACE of CLC 
TCA AAG C~3 
5'-CTT CCT AAA GCC ATC AGA 
HMOL794 GSP for3'RACE of AKT 
5'-GAA ACT CCA TGAAAC AAG 
HMOL797 GSP for 5' RACE of AKT 
TAGACC-3’ 
5’-AAA GGT GTC AGA GAT GAA 
HMOL796 Nested GSP for 3' RACE of AKT 
AGC AGA-3， 
5'-CAG CTT GTA TGG TAT CCC 
HMOL795 Nested GSP for 5' RACE of AKT 
TCT GAG-3' 
5'-AGT GTT GAC AGG TCT ACT 
HMOL799 GSP for 3' RACE of Nhx 
TAG TGC-3’ 
5，-CTC ACG ATC TGT AGA GTG 
HMOL800 GSP for 5' RACE of Nhx 
CCT GC-3' 
5'-GCA TAC CTG TCC TAC ATG 
HMOL 901 Nested GSP for 3’ RACE of Nhx 
CTT GCT-3' 
5'-TGAAGG GTC GAT TTG GTT 
HMOL798 Nested GSP for5' RACE of Nhx 
GAG GTC-3' 
2.2.1.4 5，& 3，RACE of ion transporters 
SMART™ RACE cDNA ampification kit (Clontech K1811-1) was used to 
obtain the 5' & 3' cDNA ends of the three target ion transporters, Nhx, CLC 
and AKTl. Approximately one |LXg total RNA extracted from Wenfeng? treated 
with 0.9% NaCl for 3 days was used as template for cDNA synthesis. 
According to the manufacturer's protocol, the first strand cDNA for 5' RACE 
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was synthesized by MMLV-reverse transcriptase (Gibco BRL) at 42�C for one 
hour using 5'CDS primer and the SMART II oligo provided in the kit while the 
first strand cDNA for 3，RACE was synthesized using 3,CDS primer provided 
in the kit. 
For 5,RACE, 5 of 5, RACE-Ready cDNA was used as the template.The 
PCR reactions were conducted under the following temperature cycling 
conditions: 94�C for 1 min; 2 cycles of 94�C for 30 s, 72�C for 2 min; 2 
cycles of 94�C for 30 s, 68�C for 30 s, 72�C for 2 min; 36-38 cycles of 94�C 
for 30 s, 65�C for 30 s，72�C for 2 min; and an additional polymerization step 
at 72°C for 10 min. The primers combination were 5, GSPs, HMOL 800, 
HMOL 793 and HMOL 797 for Mix, CLC and AKTl, respectively, in 
conjuction with the universal primer mix (UPM) provided in the kit. 
For 3'RACE, 5 |LI1 of 3, RACE-Ready cDNA was used as the template.The 
PCR reactions were conducted under the same condition for 5'RACE. The 
primers combination were 3，GSPs, HMOL799, HMOL792 and HMOL794 for 
Nhx, CLC and AKTl, respectively, in conjuction with the universal primer mix 
(UPM) provided in the kit. 
One of the primary RACE PCR products was then subject to nested 
PCR amplification using the nested universal primer (NUP) provided in the kit 
in conjuction with the nested GSPs (See Table 1) of the three ion transporters, 
respectively, to obtain specific 5, & 3, RACE fragments. The nested PCR 
reactions were conducted under the following temperature cycling conditions: 
94�C for 1 min; 2 cycles of 94�C for 30 s, 72�C for 2 min; 2 cycles of 94�C 
for 30 s，70�C for 30 s, ITC for 2 min; 20-25 cycles of 94�C for 30 s, 67�C for 
30 s, 72�C for 1 min; ITC for 10 min. 
All the PCR reaction mixes used for 5' & 3' RACE were 50jul in volume 
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with 0.2mM dNTPs mix, 0.2/xM GSP, O.lfiM UPM or NUP, lU Advanced 2 
T叫 DNA polymerase and IX PGR Advanced 2 buffer (Clontech). Five fjtl of 
each RACE PGR product was run on 1.2-1.3% agarose gel with Img/ml 
ethidium bromide to visualize the target DNA bands using Gel lOOOUV 
Fluorescent Gel Doc system (Bio-Rad 200015450). 
2.2.1.5 Subcloning of RACE cDNA fragments 
The amplified nested 5, & 3, RACE cDNA fragments were isolated by 
agarose gel electrophoresis and purified by High Pure PGR product purification 
kit (Boehringer 1732 668)，before subcloned into pBluescript II KS(+) T-vector 
(Lab stock). Ligation of the target RACE fragments and vectors were 
performed with ImM dATP and 3 units T4 DNA ligase (Promega Ml804) in 
IX T4 DNA ligase buffer and the reaction mixes were incubated at 16�C 
overnight. The ligation ratio of DNA insert to T-Vector were 10:1, 3:1 and 1:1, 
respectively, for RACE cDNA fragments of sizes ~500bp,�1Kb and �2.6Kb. 
The concentration of the purified cDNA fragment and T-vector were estimated 
by running Ifil product on 1% agarose gel with Img/ml ethidium bromide 
using 0.5/j,l low DNA mass ladder (Invitrogen) for quantitation. 
2.2.1.6 Transformation into Escherichia coli DHSa 
The ligated pBluescript II KS(+) plasmid DNA was transformed into DH5 
a competent cells (Lab stock) via heat shock calcium chloride mediated 
transformation. The CaCh treated DH5Q; competent cells were thawed on ice 
and gently mixed by tapping the tube. _ of the above ligation mix was added 
to a tube containing 100/^ 1 competent cells. The mixture was placed on ice for 
10 minutes, before subjected to a heat pulse at 42°C for 2 minutes followed by 
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immediate addition of 0.5 ml prewarmed LB broth to rescue the cells. The 
transformed cells were incubated at 37°C with shaking for one hour and then 
spread on LB agar plates containing 100/xg/ml of ampicillin, 800/ig of X-gal 
and 800^g of IPTG. The plates were incubated at ?>TC overnight and white 
colonies were identified as positive recombinants. 
2.2.1.7 PGR screening of white colonies 
The single white colonies from the above were picked by autoclaved 
toothpick to streak onto a LB agar plate containing 100/xg/ml of ampicillin, 
800爬 of X-gal and 800/xg of IPTG The remaining cells in the toothpick were 
washed out into 25/xl PGR reaction mix with IX PGR buffer(Roche), 0.2mM 
dNTPs mix, O.ljxM T3 primer, 02jxM T7 primer, and 0.5U Taq DNA 
polymerase (Roche) and subjected to the following PGR program: 96�C for 5 
min; 30 cycles of 94�C for 30 s, 55�C for 30 s, 72�C for 2 min; 72�C for 10 
min. 5/xl of PGR product was run on an 1% agarose gel with Img/ml ethidium 
bromide to identify the target DNA bands. 
2.2.1.8 Preparation of recombinant plasmid for sequencing 
Isolated single colony containing the target DNA insert was selected and 
inoculated 10ml of LB broth supplemented with 100/xg/ml of ampicillin and 
grown at 37�C overnight with shaking at 300 rpm. The recombinant plasmid 
was isolated using Wizard™ Plus Minipreps DNA purification systems 
(Promega A7510) according to the protocol described by the manufacturer. The 
concentration and quality of the plasmid DNA were determined by 
spectrophotometric measurements at optical density 260nm and 280nm. 
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2.2.1.9 Sequencing and homology search 
Plasmid DNA containing 5，& 3, RACE fragments of each ion transporter 
were used as template for cycling sequencing using the ABI PRISM™ 
dRhodamine Terminator Cycle Sequencing Ready Reaction kit (Perkin Elmer 
402078). The cycle sequencing reaction was performed with 4ul Terminator 
Ready Reaction Mix and 1.6 pmol primer, 500ng plasmid DNA and milli-Q 
H2O was added to make up a final volume of lOjul. The PCR program for cycle 
sequencing was: 25 cycles of 96°C for 10 s, 50°C for 5 s and 60°C for 4min. 
The cycle sequencing product was purified by adding 1 jul 3M sodium acetate 
(pH5.2) and 25)LI1 95% ethanol to precipitate at -20�C overnight, followed by 
centrifugation at 14,000g for 30 minutes and the pellet was washed with 200|LI1 
7O0/0 ethanol. The vacuum-dried pellet was then resuspended in lOjul Hi-Di 
formamide (Applied Biosystem)，denatured at 95�C for 2 minutes and placed 
on ice immediately before loading into the Genetic Analyzer ABI prism 3100 
system for sequencing. The obtained nucleotide sequences were analyzed using 
Blastn and Blastx programs ( h t t p : / / w w w . n c b i . n l m . n i h . gov/V 
2.2.1.10 Cloning of full length coding regions of ion transporters 
RNA from the roots of WenfengV and Union, repectively, treated with 
0.90/0 NaCl for 3 days were used as templates to sythesize the first strand cDNA 
using 5,CDS primer and SMART II oligo provided in SMART RACE cDNA 
ampification kit (Clontech). The full length coding regions of the three ion 
transporters from WenfengV and Union were obtained by Long-distance PCR 
amplification using the following primers designed from the extreme 5, & 3, 
cDNA ends: 
Nhx gene was amplified by HMOL 1151 (forward primer, 
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GGCTTTGAACTTGACTCAG, 84bp upstream of start codon) and 
HMOL1152 (reverse primer, GCTCACTCCACAAAACTTATGC, 59bp 
downstream of the stop codon); AKTl gene was amplified by HMOL 1153 
(forward primer, GCGACCGAAACTCTGTAGTAAG, 82bp upstreanm of start 
codon) and HMOL 1154 (reverse primer, CCACGAGAAGAAGGCTAAAG, 
98bp downstream of stop codon); CLC gene was amplified by HMOL 1155 
(forward primer，GAGTACGCGGGGAATCCAAAAC, 102bp upstream of 
start codon) and HMOL 1156 (reverse primer, CCAGCTGAATAGAGAGAC, 
48bp downstream of stop codon). 
The PCR reaction mix was 50JLI1 in final volume with 5 jul first strand 
cDNA as template，0.2mM dNTPs mix, 0.2/>tM forward GSP, 0.2/iM reverse 
GSP, lU Advanced 2 Taq DNA polymerase and IX PCR Advanced 2 buffer 
(Clontech). The PCR profiles for cloning the three ion transpoeters from 
Wenfeng? and Union were listed in the Table 2.2. 
To avoid errors caused by PCR, three indepedent PCR reactions of each 
ion transporters of Wenfeng? and Union were set, the PCR products were then 
indenpently subcloned into pBluescript II KS (+) T-vector as described in 
2.2.1.5 to 2.2.1.8 and batch sequenced at both strands using T3, T7 primer and 
GSPs (see Table 2.3) as described in 2.2.1.9 for further confirmation. 
Table 2.2:PCR profile for cloning full length coding region of Nhx, AKTl and 
CLC gene from Wenfeng? and Union 
Number of cycles Temperature Length of Time 
1 cycle 94 °C 1 min 
1 cycle 94 °C 30 s 
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59°C 30 s 
72°C 3 min 
30 cycle 94 °C 30 s 
Gene Nhx AKTl CLC 30 s 
Wenfeng? 64 °C 60 °C 62 °C 
Union 69 °C 65 °C 67 °C 
72°C 3 mi n 
1 cycle I T C 10 min 
L  
Table 2.3: GSPs used for sequencing of the three ion transporters 
Primer name Description Sequences 
CCC ATT TAT 
HMOL1007 GSP for sequencing of Nhx antisense strand  
TATAGG-3' 
層 ⑷ 隱 rQPf m t � 5’-GGTGAGCCAGGTTCT WMUL1008 GSP for sequencing of Nhx sense strand 
ATA GG-3’ 
HMOL1018 GSP for sequencing of Nhx sense strand ^ CGT GAG TTC TGT GAT  
TCT ATT TG-3' 
層 ⑴ niQ rcpf- • 八 ru . 5,-CCCTTTTGATTGGTG HM(JL LUIY CJSP for sequencing of Nhx sense strand 
TTT G-3, 
腸 ⑴ _ PQPf • � , 5'-CCTTATCCTTCCTAT 
HMULIUZU CJSP tor sequencing of Nhx sense strand 
CCAAC-3’ 
腸O T 訓 r c p f • “ n ^ , 5'-GGC GTAAGTTTGATG WMUL1U21 OSP tor sequencing of Nhx sense strand 
ATG-3' 
HMOL1022 GSP for sequencing of Nhx antisense strand CCA GCC CAC CAAATG  
ATA-3' 
Ct 广 P A A 广广丁广广广 V I V I， 
HMOL1023 GSP for sequencing of CLC sense strand “ 
TTG G-3’ 
T T �… 1 … … … 5’-GAG AAG GAG AAC TGA 
HMOL1024 GSP for sequencing of CLC sense strand 
GGAATG-3, 
T rx 1 . . GSP for sequencing of CLC antisense 5'-CTG TGA AGG GTG TAG 
HMOL 1025 
strand TAT TGG-3’ 
_ GSP for sequencing of CLC antisense 5'-GGC AAA GTT CAA TAG 
HMOL1026 
strand AGG-3' 
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HMOTi nry r Q P f “ 1 ^ 1 1 � 5’-GCT CAAACC CTT CAT HMOL1027 GSP for sequencing of AKTl sense strand 
TAT ATC TC-3’ 
HMOL1028 GSP for sequencing of AKTl sense strand ^ ^ ^ CGT TAT CAT  
GAT CC-3' 
UA Tr^ T 1 nor. GSP for sequencing of AKTl antisense 5,-CAG GAT GCA AAT CTT HMULl uzy 
strand CATAAC-3' 
UA ^^T 1 n-.A GSP for sequencing of AKTl antisense 5'-GGT GCT TGT GGT TTC 
rlMULlOiO 
Strand TTC-3, 
HMOL1031 GSP for sequencing of AKTl sense strand GTG AGT GTG TGC  
TTT G-3, 
WMOTimo nco^- • , 5'-GGA ATG GTA TGA AGA HMOL 1032 GSP for sequencing of AKTl sense strand 
GTA G-3, 
UAI^T 1 All GSP for sequencing of AKTl antisense 5'-GGG CAA CTAATGATA rlMULlUJi 
Strand ACT C-3' 
i n i , GSP for sequencing of AKTl antisense 5'-CCC GTT TGA GTA ATT 
HMOL1034 
strand GAT G-3, 
• r^cmr . … 5'-GCA GGT GCT AAA TCA 
WMUL lU/0 LrSP tor sequencing of Nhx sense strand 
GGA-3, 
5’ C3"TC]f G"丁C^  丁 CTG* 
HMOL 1077 GSP for sequencing of Nhx sense strand  
TTG-3' 
U … T 1 rv7o … r 5’-CAC CCC TCT TGA ATA 
HMOL1078 GSP for sequencing of CLC sense strand 
CCA-3, 
T rx 1 A � GSP for sequencing of CLC antisense 5,-GCT ATG AGG AGA ACA 
HMOL 1079 
strand ATC-3’ 
u … … o n 5'-GCA GGC ACA TAC AGA 
HMOL1080 GSP for sequencing ofAKTlsense strand 
AATC-3’ 
5 會 C C 5 " 丁 T T C 丁G"丁 
HMOLlOl 8 GSP for sequencing of Nhx sense strand  
TCT ATT TG-3 ’ 
5’ CCC TTT TGA TTG GTG 
HMOL 1019 GSP for sequencing of Nhx sense strand  
TTT G-3, 
T T A , � 1 … 一 . 5,-CCT TCT TCG TGG CTT 
HMOL1166 GSP for sequencing of AKTl sense strand 
AC-3' 
LTA ^^T 1 … … r 5’-GGG ATA CCA TAC AAG 
HMOL 1167 GSP for sequencing of AKTl sense strand 
CTG-3, 
GSP for sequencing of AKTl antisense 5'-GTG GTC CCT GTG TTG 
HMOL1168 
strand CTG-3' 
GSP for sequencing of AKTl antisense 5,-GTG GGG GCT TCG TTT 
HMOL1169 
strand TG-3' 
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HMOLl 170 GSP for sequencing of AKTl antisense 5,-GGG AAT GAT GGA GAT  
strand AAC-3’ 
HMOLl 171 GSP for sequencing of CLC sense strand ^ GAG GCT ACA GAA CTG  
CAC-3， 
HMOLl 172 GSP for sequencing of CLC antisense 5'-GAG AGG GAT GGA TCA  
strand CAAG-3' 
2-2.1.11 Sequence comparison, analysis and multialignment 
The obtained full length cDNA sequences ofNhxl, Nhx2, CLC and AKTl 
genes from Wenfeng? & Union were compared and analyzed. The amino acids 
of these ion transporters were deduced from the full length coding region. 
TMpred program (Hofmann and Stoffel, 1993) and conserved domain search 
program at the NCBI website were used to predict the transmembrane domains 
and identify the conserved domains that presented in the three types of ion 
transporters. The proposed structural models of Nhxl, Nhx2, CLC and AKTl 
proteins were constructed based on the hydrophathy profiles. Multiple sequence 
alignment was performed using ClustalW program (Thompson, J.D., et al., 
1994) while the phylogenetic relationshops of Nhxl, Nhx2, CLC and AKTl 
with other species' ion transporters were analyzed using Multalin version 5.4.1 
(Corpet, 1988). 
2.2.2 Gene expression profiles 
2.2.2.1 Sample treatment with different Hoagland's solution supplement with 
1.2% NaCl 
Wenfeng? and Union were grown in the greenhouse of the Biology 
Department at the Chinese University of Hong Kong from late June to early 
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July in 2002. Temperature and humidity ranged from 25 to 33�C and 64 to 98%, 
respectively. The seeds were germinated in sand irrigating with tap water. After 
the opening of the first trifoliate, each variety was divided into three groups. 
The seedlings for salt-treatment were irrigated, respectively, with IX, 1/4X and 
1/8X Hoagland's solution supplemented with 1.2% NaCl while control 
seedlings were irrigated with different strengths of Hoagland's solution only. 
When the distinct salt tolerance phenotype of WenfengV and Union was 
observed, the leaf and root of the salt-treated and control sample were collected 
for total RNA extraction as described in section 2.2.1.1. 
2.2.2.2 Preparation of single-stranded DIG-labeled PGR probes 
Anti-sense DIG-labeled Nhx, AKT and CLC probes were produced by a 
modified PGR protocol described previously (Chan, 2000). Round one PGR 
was carried out in a 50 jul reaction mixture containing 1 x PGR buffer with 
MG2+ (Roche), 40 |LIM dNTPs, 0.05 JUM forward primer and 0 . 0 5 JUM reverse 
primer, 1 unit Taq DNA polymerase (Roche) and 10 ng plasmid DNA harboring 
the full length coding region of Nhx gene, AKTl gene or CLC gene. The 
reaction mix was subjected to the following PGR profile (Table 2.4). 2/d of 
each PGR product and 0.5/il low DNA mass ladder (Invitrogen) were run on 
lo/o agarose gel with Img/ml Ethidium bromide to determine the concentration 
of round one PGR product. 
Table 2.4: PGR profile for DIG-labeled DNA probe synthesis. 
Number of cycles Temperature Length of time 
1 cycle 94 "C 2 min 
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55 cycle 94 20 s 
Nhx AKTl CLC 30 s 
62�C 58�C 60�C 
72 90 s 
1 cycle 72 oc 5 min 
Round 2 PGR is a biased PGR that used reverse primer to synthesize an 
anti-sensed, single-stranded PGR probes with the incorporation of DIG-labeled 
conjugates. About lOOng of Round 1 PGR product was mixed with 10/xl of lOX 
reaction buffer with Mg2+ (Roche), 2/il of 25mM MgClz, Ifii of DIG-labeled 
dNTPs (Roche), 10"1 of IfiM reverse primer, and 2U of Taq DNA polymerase 
(Roche). The reaction mix was made up tolOO/>tl by milli-Q water and subjected 
to the PGR program listed in the Table 2.4. The yield of DIG-label nucleic acid 
was estimated by a spot test with DIG-labeled control DNA (Roche). 
2.2.2.3 Testing the concentration of DIG-labeled probes 
one ii\ of DIG-labeled DNA probe and DIG-labeled control DNA (Roche) 
were diluted serially for 5-, 50- and 500-folds. l/xl of each dilution was dotted 
onto a positive charged nylon membrane (Roche) and subjected to UV 
crosslinking. 
After that, the membrane was rinsed in IX maleic acid buffer, pH 7.5 
(O.IM maleic acid, 0.15M NaCl) for 2 minutes, soaked in 1% blocking solution 
(lo/o w/v blocking reagent in IX maleic acid) (Roche) for 5 minutes and then in 
1% blocking solution with 1:10000 of anti-DIG (Roche) for another 10 minutes, 
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followed by washing with IX maleic acid buffer，pH 7.5 for 5 minutes twice 
and IX detection buffer, pH 9.5 (O.IM Tris-HCl, O.IM NaCl) for 1 minute. 
The membrane was transferred to a clean plastic wrap with CSPD (Roche), 
wrapped and then placed into a film cassette and exposed to a sheet of X-ray 
film (BioMax，Kodak) for 15 minutes at 37°C. The film was developed in 
developer and replenisher (Kodak GBX) for 1 minute, rinsing with water and 
then in fixer and replenisher (Kodak GBX) for 5 minutes. The concentration of 
DIG-labeled probes was estimated by compared the spot intensities of the 
control and samples. 
2.2.2.4 Northern blot technique 
Northern blot analysis was performed as described by Sambrook and 
colleagues (1989) with some modifications. 
About 13/ig total RNA was prepared in 50fil with 50% formamide, 18.5% 
formaldehyde, IX MOPS running buffer(0.2M MOPS, 0.05M NaOAc, O.OIM 
EDTA, pH 7.0)，IjLig ethidium bromide and 0.12X loading dye, denatured at 
55OC for 20 minutes and placed on ice for at least one minute, before separated 
by gel electrophoresis at 70V for 1.5 hours using 1% denaturing agarose gel 
that containing IX MOPS running buffer (0.2M MOPS, 0.05M NaOAc, O.OIM 
EDTA, pH 7.0) and 1.1 % formaldehyde (v/v) (pH > 4.0). 
The RNA gel was then transferred to a positively charged nylon membrane 
(Roche) using capillary transfer running in lOX SSC for 16 hours. After 
UV-crosslinking (254mn, total 250J), the membrane was first rinsed in 
DEPC-treated deionized water and then prehybridized in 10ml ultrasensitive 
hybridization buffer (Ambion) at 42�C for one hours and then hybridized with 
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25ng/ml DIG-labeled DNA probes in another 10ml ultrasensitive hybridization 
buffer (Ambion) at 42�C for 16 hours. 
After washing with low-stringency wash solution (2X SSC, 10% SDS) 
and then high-stringency wash solution (O.IX SSC, 0.1% SDS) at 42�C for 15 
minutes twice, the membrane was blocked with 1% blocking solution at room 
temperature for 2 hours and then incubated with 1: 10,000 anti-DIG antibody at 
room temperature for 30 minutes. After that, the membrane was washed with 
IX maleic acid buffer for 15 minutes twice and equilibrating with IX detection 
buffer at room temperature, then transferred to a clean plastic wrap with 200fd 
CSPD (Roche), wrapped, placed into a film cassette and exposed to 
chemiluminescent detection film (Roche) at 37�C for 1-2 hours. 
2.2.2.5 RT-PCR (Reverse-transcription polymerase chain reaction) technique 
The procedure for first strand cDNA synthesis was accorded to the 
protocol given by the SUPERSCRIPT™!! RNase ET Reverse Transcriptase 
(Invitrogen). RNA quantitation was based on the result of RNA gel 
electrophoresis. 
Prior to reverse transcription, l|Lig RNA were treated with lU DNasel in 
IX DNasel buffer (Invitrogen) in 10|LI1 at room temperature for 15min to 
remove genomic DNA contamination followed by addition of ljul 25mM EDTA 
and incubation at 65°C for 10 min to stop the digestion reaction. After that, 1)LI1 
oligo dT primer (500]Lig/ml) were added and the reaction mix were denatured at 
70°C for lOmin and then chilled on ice before addition with 4JLL1 5X first strand 
buffer, 2)al O.IM DTT and Ijul lOmM dNTP (Invitrogen) and incubation at 
42"C for 2 min. Finally, 1 JLL 1 SUPERSCRIPT™!! RNase H" Reverse 
Transcriptase (200U/|il) (Invitrogen) was added for each 20JLI1 reaction mixture 
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and the reaction mix was further incubated at 42°C for 50min to synthesize the 
first strand cDNA, followed by 70^C incubation for 15min to stop the reaction. 
The ist Strand cDNA were then diluted to lOOjul with milli-Q water. 
PCR machine and cycling were tested for RT-PCR of Nhx and AKT as 
well as actin (internal control). Unless stated the otherwise, the PCR reactions 
were made up to 100 i^l with 5^ 1 first strand cDNA as template, 0.2 i^M of 
each primer (Table2.5), IX PCR buffer with 1.5mM MgCli, 0.2mM dNTPs and 
1 Unit Taq DNA polymerase(Roche) and subjected to the PCR profiles 
according to the target gene (see Table 2.6). 
Five PCR product of actin from WenfengV and Union were run on 2% 
agarose gel with Img/ml ethidium bromide for quantitation. The loading 
volume for RT-PCR product of Nhxl, Nhx2 and AKT genes were based on the 
quantitation using actin as internal control. 
Table 2.5: Primer used for RT-PCR of Nhx and AKTl ion transporters* 
Primer name Sequences 5'to 3' Used for 
HMOL 1379 5’-CAT GCT TGC TGAATT GTC-3， 
RT-PCR of Nhxl 
H M O L 1383 5,-GTT GGA GTG GAAAGTAAA-3 
H M O L 1380 5'-CAT GCT CGC TGA ATT ATG-3， 
RT-PCR of 施 2 
H M O L 13 84 5'-GTT GGA GTC GTA AGC AAG-3， 
H M O L 1166 5'-CCT TCT TCG TGG CTTAC-3' 
RT-PCR of AKTl 
H M O L 1034 5'-CCC GTT TGA GTA ATT GAT G-3 
HMOL 1787 5'-GGAACH GGAATG GTYAAG G-3， 
RT-PCR of actin 
H M O L 1788 5'-GTC ATY TTY TCW CKR TTR GC-3' 
*H=A+T+C; K- T+G; R=A+G; W=A+T; Y=C+T. 67 
Table 2.6: RT-PCR profiles 
Gene Target size PCR Cycling Annealing Temp. Extension Time 
胞1 720bp 29 56°C ^ 
• 720bp 29 51.5�C : 
AKTl llOObp 35 51.5�C 
Actin 360bp 28 53.5°C 30s 
2.2.3 Functional test using transgenic plant 
2.2.3.1 Preparation of chimeric gene constructs and recombinant plasmids 
pBluescript II KS (+) plasmids containing the full length coding region of 
MDC人 Nhxl, AKT and CLC genes without PCR errors were selected for 
subcloning into the plant expression vector, V7, harboring the 35S promoter 
from Cauliflower Mosaic vims and the terminator region of Nopaline synthase 
(NOS). 
About 2-5 jag V7 vector and plasmid DNA were digested with 3U Xhol 
and 3U Xbal in IX buffer D (Promega). The digestion mix was made up to 
and incubated at 37°C for overnight. After isolated by 2% agarose gel 
electrophoresis, the digested DNA fragments were purified and subcloned into 
V7 vector as described in section 2.2.1.5 (the ligation ratio of the target gene to 
V7 Vector was 3:1) and then transformed into E. coli DH5a; as describe in 
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section 2.2.1.6 using LB agar plates containing 50 /ig/ml of kanamycin as the 
growth medium. 
Positive recombinants were screened by PGR as described in section 
2.2.1.7 using GSPs of the ion transporter gene and then selected to inoculate 20 
ml LB broth containing 50 fig/ml of kanamycin. Recombinant V7 plasmid 
DNA was isolated and sequenced using V7 primer to further confirm the 
orientation of the transgene before transformation into A. tumefaciens. 
2.2.3.2 Eletroporation of Agrobacterium tumefaciens 
An aliquot of 40|LI1 A. tumefaciens GV3101/pMP90 electrocompetent cells 
was thawed on ice and mixed with lOng recombinant V7 plasmid DNA 
harboring the transgene constructs in a pre-chilled electroporation cuvette 
(BioRad). The mixture was further incubated on ice for 30 minutes, then 
subjected to eletroporation at 25 |LIF, 2.4 kV and 600 ohms using the Gene 
Pulser apparatus (BioRad). One ml of SOC medium (2% Bacto tryptone, 0.5% 
Bacto yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCh, 10 mM MgS04, 
20 mM glucose) was immediately added to the pulsed cells. The cell 
suspensions were then transferred to a 1.5 ml tube and grown at 28°C with 
shaking at 200rpm for 2 hr. 50 |ul and 150 jul of cell mixture were plated on LB 
plates supplemented with 50 mg/L rifampicin, 25 mg/L gentamycin and 50 
mg/L kanamycin. The plates were incubated at 28°C for 2-3 days. 
Bacterial colonies harboring the target plasmid DNAs were screened by 
PCR using GSPs, before used to inoculate 10 ml YEP medium (10 g/L Bacto 
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peptone, 10 g/L yeast extract, 5 g/L NaCl) supplied with 50 mg/L rifampicin, 
50 mg/L kanamycin, and 25 mg/L gentamycin as a starter culture by growing it 
at 28°C with shaking for 1-2 days. 
2.2.3.3 Seed sterilization and plant growth 
Seeds of A. thaliana ectotype (Columbia-0) were sterilized by vigorous 
vortexing in 100% bleach (6% sodium hypochlorite) for 3 min, followed by 
rinsing with autoclaved distilled water for 3 times. Surface-sterilized seeds 
were individually placed onto MS agar square plates [4.3 g/L Murashige and 
Skoog salts, 3% sucrose, 0.5 g/L MES, pH 5.7, and 0.9% Bacto agar] and 
allowed to imbibe at 4 � C for 1-2 days in dark. 
They were then grown in a growth chamber under the light/dark cycle of 
16 hr light /8 hr dark at 22�C to 20�C with 70% relative humidity. Two weeks 
after germination, A. thaliana seedlings were transferred into Metromix-200 
soil and grown in an environmentally controlled chamber under the same 
growth condition mentioned above. 
2.2.3.4 Vacuum infiltration transformation of Arabidopsis thaliana 
A thaliana grown to flowering stage was ready for vacuum infiltration 
transformation. For each transgene constructs, twelve A. thaliana plants were 
used. 
One ml starter culture of A. tumefaciens strain GV3101/pMP90 containing 
the transgene constructs was inoculated into 500 ml YEP medium (10 g/L 
Bacto peptone, 10 g/L yeast extract, 5 g/L NaCl) supplied with 50 mg/L 
rifampicin, 50 mg/L kanamycin, and 25 mg/L gentamycin). The culture was 
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grown at 28°C overnight with shaking until the optical density at 600nm 
(OD600) reached 2.0. The bacterial culture was then centrifliged at 8000 rpm 
(Beckman J2-M1, JA-10 rotor) for 10 min, the pellet was saved and 
resuspended in 1 liter of infiltration medium [2.2 g MS salts, 1 x B5 vitamins 
(100 mg/L myoinositol, 10 mg/L thiamine-HCl, 1 mg/L nicotine acid and 1 
mg/L pyridoxine-HCl), 50 g/L sucrose, 0.5 g/L MES, pH 5.7, 0.044 |LIM 
benzylaminopurine, and 200 |LI1 Silwet L-77". 
Prior to vacuum infiltration, all sliques of A. thaliana plants were removed 
and the rosette leaves and soil were covered with parafilm. The resuspended 
bacterial solution was placed into a vacuum desiccator and the entire A. 
thaliana plants were inverted and submerged into the bacterial solution. 
Vacuum was then applied at 400 mm Hg and drawn for 10 minutes after 
bubbles were seen. After vacuum infiltration, the A. thaliana plants were 
returned to the original growth chamber for growth. Seeds of the transformed 
plants were harvested separately one month later. 
2.2.3.5 Selection of hemizygous and homozygous transgenic plants 
For each plant (To), approximately 2500 seeds were surface sterilized and 
plated out individually on the selection medium (4.3 g/L MS salts, 3% sucrose, 
0.5 g/L MES, pH 5.7，0.9% Bacto agar, and 50 |ug/ml kanamycin). 
Transgenic plants (Ti) were selected based on their ability to grow on the 
medium containing 50 jug/ml kanamycin. After about two weeks, positive 
transformants having green leaves were transferred to soil and allowed to grow 
and self-pollinate. Resulting seeds were collected and tested for the segregation 
of kanamycin resistance gene based on the Chi-square analysis. The Ti 
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seedlings which showed three-quarters kanamycin resistance were regarded as 
hemizygous transgenic plants. At least eight plants from them of each line were 
selected for further growth and self-pollination. 
Finally, about 50 seeds from each T2 line were plated out in the 
MS/kanamycin plates for selection of homozygous transgenic plants. 
Transgenic lines (T3) with 100% kanamycin resistant progenies were regarded 
as homozygous lines. 
2.2.3.6 Genomic DNA extraction and PCR screening 
Genomic DNA of transgenic plants was isolated by a modified 
Cetyltrimethylammonium Bromide (CTAB) method (Doyle et al, 1990). One to 
two pieces of leaf tissue were collected from the transgenic plant and grounded 
in liquid nitrogen with glass rod in an eppendorf tube. When the sample 
grounded into powder, 500 |LI1 of 2% CTAB buffer (0.1 M Tris-HCl, pH 8.0; 1.4 
M NaCl, 20 mM EDTA, 2% CTAB, 0.2% P-mercaptoethanol) were added and 
the homogenate was incubated at 60°C for 40 min with periodic mixing. After 
that, 500/11 of chloroform/isoamyl alcohol (24:1, v/v) was added, followed by 
inverting the tubes up and down several times and centrifugation at 13,000 g 
for 5 min. The aqueous layer was transferred to a new eppendorf tube and 
mixed with 500 jul cold isopropanol. The mixture was kept at _20�C for 1 hr 
and then centrifuged at 13,000 g for 15 min. The resultant pellet was washed 
with 500 [il 70% ethanol and then air-dried before resuspended in sterilized 
deionized water supplemented with Ijug/ ml RNaseA and incubated at 37�C for 
30 minutes. 
One [il of the genomic DNA was used as template for PCR screening 
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using the V7 primer in conjunction with reverse GSP (listed in Table 2.7) of the 
respective ion transporter gene. Sixl of PGR product was run on 1% agarose gel 
with Img/ml Ethidium bromide to identify the target DNA bands. 
Table 2.7: Primers used for PGR screening of genomic DNA from 
transgenic plants 
Primer name Used for Target DNA Annealing 
size Temp. 
V7 primer & PCR screening of Nhx 1 and 900bp 5 8 � C 
HMOL 798 Nhx2 
V7 primer & PCR screening of AKTl 970bp 5 4 � C 
HMOL 1029 
primer & PCR screening of CLC llOObp 50°C 
HMOL 1026 
2.2.3.7 RT-PCR and Northern Blot of transgenic plants 
Total RNA from whole tissue of 3-weeks-old transgenic plants (T2 and T3) 
were extracted as described in section 2.2.1.2. RT-PCR and Northern blot 
analysis were performed as described in section 2.2.2.4 and 2.2.2.5, 
respectively, to determine whether the transgene RNA of the ion transporters, 
Nhx, CLC and AKTl, are present in the transgenic plants or not. 
2.2.3.8 Functional test on MS plate supplemented with NaCl 
Seeds from Ti transgenic plants and wild type Col-0 were surface-
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sterilized and plated out onto MS/kanamycin and MS plates, respectively, as 
described in section 2.2.3.3. They were allowed to imbibe at 4°C in dark for 1-2 
days before grown in a growth chamber under the condition of 16 hr light /8 hr 
dark at 22°C to 20°C with 70% relative humidity. 
After 7 days of germination, The T2 transgenic seedlings showed 
kanamycin resistance were transferred to MS square plate [4.3 g/L Murashige 
and Skoog salts, 3% sucrose, 0.5 g/L MES, pH 5.7, and 0.9% Bacto agar] 
supplemented with 1.2% NaCl for salt tolerance test. Wild type seedlings 
germinated under the same growth conditions were also transferred to the same 
square plate to a control. Both T2 transgenic and wild type seedlings selected 
for salt treatment were with similar size in phenotype. After three weeks of 
treatment, the growth phenotype of T2 transgenic plants and wild type Col-0 
were recorded by photo taking. 
2.2.3.9 Functional test on sand supplemented with Hoagland's solution and 
NaCl 
Seeds from T2 homozygous lines and wild type Col-0 were surface-
sterilized and plated out onto MS square plates. They were allowed to imbibe at 
4 � C for 1-2 days in dark and then germinate in a growth chamber under the 
condition of 16 hr light /8 hr dark at 22°C to 20�C with 70% relative humidity. 
After 3 weeks of germination, wild type Col-0 and T3 transgenic plants 
were transferred into sand individually and grown in an environmentally 
controlled chamber under the same growth condition mentioned above. After 
irrigating with IX Hoagland solution [5mM potassium nitrate, 5mM calcium 
nitrate，2mM magnesium sulfate, ImM monopotassium phosphate, 1 mM 
iron chelate and 1ml micronutrient stock solution/L] for 2 days, the transferred 
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plants were treated with 1/8 X Hoagland solution supplemented with 1.2% 
NaCl for functional test. Distinct salt tolerance phenotypes of transgenic plants 
from wild type Col-0 were observed and photos were taken for record after one 
week of salt treatment. 
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3. Results 
3.1 Cloning of Nhx, AKTl and CLC from Wenfeng? and Union 
3.1.1 Cloning of 5'- & 3,- RACE cDNA fragments of Nhx, AKTl and CLC 
Partial cDNA fragments of putative Na+/H+ antiporter (Nhx), K+ channel 
(AKTl) and CI" channel (CLQ from WenfengV were previously obtained by 
degerated PCR amplification using degerated primers designed based on 
consensus amino acid sequences of known ion transporters in plants, yeast and 
human (unpublished data in Dr. Hon-Ming Lam's Lab). Gene specific primers 
(GSPs) were designed based on the sequences of cDNA fragments of these three 
ion transporters and were used to obtain full length coding region sequences by 5' 
and 3, RACE techniques (see Materials & Methods). The obtained 5' and 3' 
RACE fragments were 1.1 Kb and 1.2 Kb, 1.3 Kb and 1.7Kb，600 bp and 2 Kb, 
respectively for Nhx, AKTl and CLC (Table 3.1). These RACE fragments were 
then subcloned into pBluescript IIKS (+) T-vectors. 
The subcloned RACE fragments were firstly sequenced by T3 and T7 primers 
flanking the target insert in the plasmid, followed by primer-walking sequencing 
using gene specific primers to obtain the complete nucleotide sequences of each 
RACE fragment. Homology searches using Blastn and Blastx program on NCBI 
website revealed that both 5，and 3’ RACE fragments of Nhx, AKTl and CLC 
from WenfengV exhibit high identities to Na+/H+antiporters, inward-rectifying K+ 
channels and CLC family CI" channels of higher plants (Table 3.2), respectively. 
Poly-G (a by-product of 5' RACE) and Poly-A (indication of the end of a clone in 
3' RACE) sequences were respectively presented in 5, and 3, RACE fragments of 
the three ion transporters. Moreover, open reading frames and start codons in 5, 
RACE fragments of the three ion transporters were determined. These results 
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imply that the 5' and 3' cDNA ends of each ion transporter gene, Nhx, AKTl and 
CLC, were successfully obtained from Wenfeng?. 
Table 3.1:Size of 5, and 3，RACE fragments oiNhx，AKTl and CLC, 
Ion transporters Gene 5' RACE 3'RACE 
Na+/H+antiporter Nhx 1.1 kb 1.2Kb 
K+channel AKTl 1.3Kb 1.7Kb 
Cr channel C ^ 600bp 2Kb 
Table 3.2: Closest matches 5' and 3, RACE fragments of Nhx, AKTl and CLC 
from Wenfeng? 
RACE “ ‘ 
fragment ^ Blastx 
5’Nhx Atriplex gmelini Nhxl Atriplex gmelini Nhxl 
(AB038492) S-320 E=le-84 (AB038492) S=322 E=3e-87 
S'Nhx Atriplex gmelini Nhxl N. caerulea Na H-antiportor 
(AB038492) S 二208 E-6e-51 (AB051818) S-393 E=e-108 
51AKTI A. thaliana AKTl S. tuberosum SKTl 
(S236Q6) S=194 E=le-45 (T07651) S=646 E=0.0 
3’AKT1 L esculentum Potassium channel L .esculentum Potassium channel 
(X96390) S=115 E-le-22 (X96390) S=619 E=e-176 
5’CLC Nicotiana CLC-Nt2 Nicotiana CLC-Nt2 
(AF133209) S 二 76 E=3e-ll (AF133209) S=204 E-7e-52 
3’CLC Nicotiana CLC-Nt2 Nicotiana CLC-Nt2 
(AF133209) S-258 E=le-65 (AF133209) S-908 E-0.0 
3.1.2 Cloning of full length coding regions of Nhx, AKTl and CLC from Wenfeng? 
and Union 
The entire nucleotide sequence of the cDNA of Nhx, AKTl and CLC were 
obtained by assembled the contiguous sequences of 5'- RACE fragment, partial 
cDNA fragment amplified by degenerated primers and 3,-RACE fragments (Table 
3.3). The nucleotide sequences were translated into amino acid sequences to 
determine the open reading frames and the start and stop codons. Since the 
expressing of Nhx, AKTl and CLC were found to be induced in the root of 
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Wenfeng7 and Union in response to NaCl stress (see Section 3.2.1)，RNA extracted 
from root tissue of Wenfeng? & Union treated with 0.9% NaCl were used as 
templates for cDNA synthesis. The full length coding regions of Nhx, AKTl and 
CLC from Wenfeng? and Union were amplified by gene specific primers flanking 
the start and stop codons using cDNA as the template (see Materials & Methods). 
The target amplified cDNA were 1.8, 2.8 and 2.5 Kb in size, respectively, for Nhx, 
AKTl and CLC from Wenfeng? and Union (Figure 3.1). To avoid errors caused by 
PCR, three independent PCR reactions of each ion transporters of WenfengV and 
Union were performed, the PCR products were then batch subcloned into 
pBluescript II KS(+) T-vector and at least three independent clones were selected 
for sequencing at both strands using gene specific primers (GSPs) (see Table 2.3). 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Figure 3.1: Gel photos of RT-PCR for cloning the full length coding region of 
Nhx，AKTl and CLC from Wenfeng? and Union. RNA extracted from root 
tissue of Wenfeng? & Union treated with 0.9% NaCl were used as template for 
reverse transcription. Three batches of PCR were set for each gene of each variety. 
The full length coding regions were amplified by gene specific primers flanking the 
start and stop codons of the ion transporter genes. Lane 1 and 20 are low molecular 
mass DNA ladder and 1Kb step ladder, respectively. The target amplified DNA are 
1.8，2.8 and 2.5 Kb in size, respectively, for Nhx, AKTl and CLC. Gel photo in the 
right panel shows the target DNA bands amplified from Wenfeng? while the gel 
photo in the left panel shows the target DNA bands amplified from Union. PCR 
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products were independently subcloned into pBluescript II KS (+) T-vector and 
batch sequenced at both strands using GSPs. 
Two Nhx genes were found both in Wenfeng? and Union using RT-PCR. The 
entire nucleotide sequences of the cDNA of Nhx, AKTl and CLC from Wenfeng? 
and Union have an open reading frame (ORF) of 1641bp, 2682bp and 2352bp, 
encoding a protein of 546, 893 and 783 amino acids, respectively (Table 3.3). The 
full length coding regions of Nhxl, Nhx2, AKTl and CLC from Wenfeng? and 
Union are shown in Figure 3.2, 3.3a, 3.3b, 3.6a and 3.7a with start and stop codons 
underlined. The sequences of Nhx2 from Wenfeng? and Union are different in three 
nucleotide sequences that were bolded in Figure 3.3a and 3.3b. The nucleotide 
sequences of Nhxl, AKTl and CLC are the same in Wenfeng? and Union. 
The amino acid sequences deduced from the ORPs are shown in Figure 3.4, 3.5, 
3.6b and 3.7b, respectively, for Nhxl, Nlix2, AKTl and CLC. Since the amino acid 
sequences of Nhxl, Nhx2, AKTl and CLC from Wenfeng? and Union are the same, 
these four ion transporters are further named as GmNhx 1, GmNhx2, GmAKTl and 
GmCLC, respectively. Ten amino acid residues of GmNhx 1 that different from 
GmNhx2 were bolded in Figure 3.4a and 3.4b. 
Table 3.3: The full length cDNA of three types of ion transporters from 
Wenfeng? and Union. (N.D. = Not determined) 
rvinp Entire cDNA [ 丄 � Deduced amino 
Jhull length coding region  
length acid 
Nhxl 2.5 Kb 1641 bp 546 
Nhx2 N.D. 1641 bp 546 
AKTl 3.2 Kb 2682 bp 893 
CLC 2.7 Kb 2352 bp 783 
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1 M V F E I S T W S KLQTLSTSDH ASWSMNLFV ALLCGCIVLG HLLEENRWMN 
5 1 E S I T A L L I G V C T G l V I L L F S GGKSSHILVF S E D L F F I Y L L P P I I F N A G F Q 
1 0 1 VKKKQFFVNF MTIMLFGAIG T L I S C T I I T L GATQIFKRLD VGPLELGDFL 
1 5 1 AIGAIFAATD SVCTLQVLNQ DETPLLYSLV FGEGVWDAT S W L F N A I Q S 
2 0 1 F D L N Q I D P S I AGHFLGNFLY LFIASTMLGV L T G L L S A Y I I KKLYIGRHST 
2 5 1 DREVALMMLM AYLSYMLAEL S Y L S G I L T V F FCGIVMSHYT WHNVTESSRI 
3 0 1 TTKHSFATLS F V A E I F I F L Y VGMDALDIEK WKFVSDSPGT SVATSSVLLG 
3 5 1 LILLGRAAFV F P L S F L S N L A KKSPNEKISF RQQVIIWWAG LMRGAVSIAL 
4 0 1 AYNQFTMSGH TSLRSNAIMI T S T I T W L F S T W F G L L T K P L I R L L L P H T P 
4 5 1 HHKESSITIT TDPSTPSPKS VTVPLLGSAQ ESEVDIDGHD I H R P S S I R A L 
5 0 1 LSTPTHTVHR LWRKFDDAFM RPVFGGRGFV P I E P G S P T E R NGHQWR-
Figure 3.4: The deduced amino acid sequences of Nhxl from Wenfeng? and 
Union (GmNhxl). GmNhxl encodes 546 amino acid sequences. Ten amino acid 
residues of GmNhxl that different from GmNhx2 were bolded. 
1 M V F E I S S W S KLQTLSTSDH ASWSMNLFV ALLCGCIVLG HLLEENRWMN 
5 1 E S I T A L L I G V CTGVVILLFS GGKSSHILVF SEDLFFIYLL P P I I F N A G F Q 
1 0 1 VKKKQFFVNF MTIMLFGAIG T L I S C T I I T L GATQIFKRLD VGPLELGDFL 
1 5 1 AIGAIFAATD SVCTLQVLNQ DETPLLYSLV FGEGWNDAT S W L F N A I Q S 
2 0 1 F D L N Q I D S S I AVHFLGNFLY LFIASTMLGV L T G L L S A Y I I KKLYIGRHST 
2 5 1 DREVALMMLM AYLSYMLAEL CYLSGILTVF FCGIVMSHYT WHNVTESSRI 
3 0 1 TTKHSFATLS F V A E I F I F L Y VGMDALDIEK WKFVSDSPGT SVATSGVLLG 
3 5 1 LILLGRAAFV F P L S F l S N L A KKSPNEKISF RQQVIIWWAG LMRGAVSIAL 
4 0 1 AYNQFTMSGH TSLRSNAIMI T S T I T W L F S T W F G L L T K P L I R L L L P H T P 
4 5 1 H H K E S S I T l I TDPSTPSPKS VTIPLLGSAQ ESEVDIDGHD I H R P S S I R A L 
5 0 1 LTTPTHTVHR LWRKFDDAFM RPVFGGRGFV P ¥ E P G S P T E R NGHQWR-
Figure 3.5: The deduced amino acid sequences of Nhx2 from Wenfeng? and 
Union (GmNhx2). Nhx2 from WenfengV and Union are of the identical amino 
acid sequence consisting of 546 amino acids. Ten amino acid residues of GmNhx2 
that different from GmNhxl were bolded. 
1 MLVSMSVCGQ DEIELSRDGS HYSLSTGILP SLGAKSNRRL KLKPFIISPY 
51 DRRYRIWETF LVILWYTAW VSPFEFGFLK KPQAPLSITD NIVNGFFFVD 
101 IVLTFFVAYI DKSTYLIVDD RKQIAWKYAR TWLAFDVISI IPSELVQKIS 
151 PSPLQSYGLF NMLRLWRLRR VSALFSRLEK DKNYNYFWVR CAKLIAVTLF 
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2 01 AVHCAACFYY LIAARYHDPK KTWIGATMDN FLERSLWSRY VTSIYWSITT 
251 LTTVGYGDLH PVNSREMIFD IFYMLFNLGL TAYLIGNMTN LWHGTSRTR 
3 01 KFRDTIQAAS NFAQRNQLPH RLQDQMLAHL CLKYRTDSEG LQQQETLDSL 
351 PKAIRSSISH YLFYSLIDKV YLFHGVSNDL LFQLVSEMKA EYFPPKEDVI 
4 01 LQNEAPTDFY ILVTGAVELL VLKNGVEQW GEAKTGDLCG EIGVLCYKPQ 
451 LFTVRTKRLS QLLRLNRTSF LNIVQANVGD GTIIMNNLLQ HLKEINDPIM 
501 EGVLVDIENM LARGRMDLPV SVCFAAARGD DLLLHQLLKR GMDPNESDNN 
551 RRTALHIAAS QGKENCVSLL LDYGADPNIR DLEGMVPLWE AIVEGHESMS 
601 KLLSENGANL QCGDVGQFAC NAVEQNSLNL LKEIMRYGGD ITLPNSNTGT 
651 TALHVAVSEG NVEIVKFLLD HGASIDKPDK HGWTPRDLAD QQAHTEIKAL 
701 FDSTGEPKVQ SSFAIPERNS KIRYLGRFTS EPTMPLPLDG SFHESQSQSQ 
751 SQSRPRRRSN NYHNSLFGIM SAVHNGEKDL LSAVDMNNNA RNGMKSSSAS 
801 SSALGPTRVI ISCPEKGEW GKLVLLPGSF QELVEIGAKK FGFYPNKWC 
851 KDGGEIEDLE VIRDGDHLVF LGASGVLESN CPAPAPLTNG VHI-
Figure 3.6b: The deduced amino acid sequences of AKTl from Wenfeng? and 
Union (GmAKTl). GmAKTl encodes a protein of 893 amino acid residues. 
1 MGEESSLLKE STSINDTNMV EEVEERDPES NPLNEPLLKR NRTLSSNPLA 
51 LVGAKVSYIE SLDYEINEND LFKQDWRSRS RTQVLQYIFW KWTLAFLVGL 
101 LTGVIATLIN LAVENIAGYK FLAWNFIQK ERYLRGFLYF TGINFLLTFV 
151 ASILCVCFAP TAAGPGIPEI KAYLNGVDTP NMYGATTLFV KIIGSIGAVS 
2 01 AGLDLGKEGP LVHIGSCIAS LLGQGGPDNY RIKWRWLRYF NNDRDRRDLI 
251 TCGASSGVCA AFRAPVGGVL FALEEVATWW RSALLWRTFF S T A V W W L R 
3 01 ASIELCHKGK CGLFGEGGLI MYDVSDVTVR YNVMDI IPW IIGVLGGVLG 
351 SLYNYLLHKV LRVYNLINQK GKMYKLLLSL SVAIFTSACQ YGLPFLAKCT 
4 01 PCDPSLSDVC PTNGRSGNFK QFNCPKGYYN DLATLLLTTN DDAVRNIFST 
451 NTPLEYQPSS IIIFFALYCI LGLITFGIAV PSGLFLPIIL MGSGYGRLLG 
501 ILMGPHTNID QGLFAVLGAA SLMAGSMRMT VSLCVIFLEL TNNLLLLPIT 
551 MIVLLIAKTV GDSFNPSIYE IILHLKGLPF MDANPEPWMR NLTVGELVDV 
601 KPAWSFKGV EKVANIVNAL KNTTHNGFPV MDCGLVPTTG VANEATELHG 
651 IILRAHLIQV RKKKWFLKER RRTEEWEVRE KFTWVELAER EGNIEDVAVT 
701 KEEMEMFVDL HPLTNTTPFT VLESMSVAKA MVLFRQVGLR HMLWPKYQA 
751 SGVSPVIGIL TRQDLLAYNI LTVFPHLAKS KRK-
Figure 3.7b: The deduced amino acid sequences of CLC from Wenfeng? and 
Union (GmCLC). GmCLC encodes a protein of 783 amino acid residues. 
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3.1.3 Sequence comparison, analysis and multialignment 
3.1.3.1 Sequence analysis and multialignment of GmNhxl and GmNhx2 
GmNhxl and GmNlix2 are different in 52 nucleotides and 10 amino acid 
residues, with 91% identity at both nucleotide level and amino acid level, 
respectively. Both GmNhxl and GmNhx2 each encodes an open reading frame 
(ORFs) of 546 amino acid sequences (Figure 3.4a and 3.4b). The deduced proteins 
show high identity (more than 70% identity in amino acids) to Nhxl from higher 
plants such as Gossypium hirsutum, Atriplex gmelini and Oryza sativa, but with 
lower identity to the yeast Nhxl (29%) and the human NHE2 (28%) (Table 3.4). 
GmNhxl and GmNhx2 are 1\% and 72%, 69% and 71%, respectively, identical to 
Nhx2 and Nhxl proteins from A thaliana, and the respective identity is 53% and 
540/0 for A. thaliana Nhx4 protein. Moreover, GmNhxl and GmNhx2 exhibit 
higher identity to the yeast vacuolar-type antiporter (Nhxl:29%) than with the 
plasma membrane-type (Nhal: 18%). 
Table 3.4: Amino acid sequence comparison of GmNhxl/GmNhx2 to other 
Na /!!+ antiporters 
Species Antiporter Identity (%) 
(accession number) GmNhxl GmNhx2 
Gossypium hirsutum GhNhxl (AAM54141) 71 73 
Atriplex gmelini AgNhxl (BAB 11940) 70 12 
Arabidopsis thaliana AtNhx2 (AAM08403) 70 71 
Arabidopsis thaliana AtNhxl (AAM34759) 69 71 
Oryza sativa OsNhxl (BAA83337) 69 70 
Triticum aestivum TaNhx 1 (AAK7673 7) 63 63 
Arabidopsis thaliana AtNhx4 (AAM08405) 53 54 
Saccharomyces cerevisiae ScNhxl (Np_010744)) 29 29 
Homo sapiens NHE2 (BAA 13449) 28 28 
Saccharomyces cerevisiae ScNhal (NP—013239) 18 18 
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Hydropathy analysis of the deduced amino acid sequences using the TMprep 
program (Hofinann and Stoffel, 1993) revealed that GmNhxl and GmNhx2 have 
twelve putative transmembrane segments, consistent with the numbers predicted 
for AtNhxl, an vacuolar-lype Na+/H+ antiporter (Figure 3.8a). The predicted 
structural models of GmNhxl and GmNhx2, which are mainly based on 
hydropathy profiles, suggested that both N- and C- termini are cytosolic. Ten 
amino acid residues are different between GmNhxl and GmNhx2. Among them, 3 
residues are located in the transmembrane domains (II，VIII and X) while 7 
residues are located in cytosolic transmembrane loops (mainly in N- and C-
termini) as shown in Figure 3.8b. 
Conserved domain search revealed that GmNhxl and GmNhx2 have 
Na_H_Exchanger (Sodium/hydrogen exchanger family) domain conserved in 
residues of 28-435 with 96% aligned to database accession No. pfam00999 (Figure 
3.9). Moreover, GmNhxl and GmNhx2 share high similarity with AgNhxl， 
AtNhxl，OsNhxl, ScNhxl and mammalian NHE proteins within predicted 
transmembrane segments (Figure 3.10). Several variable regions were, however, 
seen such as at the N-terminal (1-14) and C-terminal (541-546) regions. The 
non-homologous region was found among amino acid residues 449-493. The 
sequence of ^^FF-LLPPlf ^  in GmNhxl and GmNhx2 is highly conserved within 
AgNhxl (BAB 11940), AtNhxl (AAM34759), OsNhxl (BAA833370), ScNhxl 
(Np—010744) and mammalian NHE (S68616) proteins. In mammals, this region is 
identified as the binding site of amiloride which inhibits the eukaryotic Na+/H+ 
exchanger. In the eukaryotic Na+/H+ exchanger, the membrane-spanning segments 
are well conserved. 
The phylogenetic relationship of the GmNhxl and GmNhx2 with other 
representative Na+/H+ exchangers was analyzed using the program Multalin 
83 
(Corpet, 1988). It was found that GmNhxl, GmNhx2, AgNhxl (BAB 11940), 
AtNhxl (AAM34759), AtNhx2 (AC009465), AtNhx3 (AC0011623), AtNhx4 
(ABO 154790), AtNhx5 (AC005287) and AtNhx6 (AC010793), OsNhxl 
(BAA83337), ScNhxl (Np—010744 ), HsNHEl (S68616) and HsNHE3 (U28043) 
share a cluster distinguished from previous known clusters of other exchangers 
corresponding to the plasma membrane isoforms of plant AtSOSl (AAF76139), 
yeast ScNhal (NP_013239), bacterial EcNhaA (P13738) and EcNhaB (P27377) as 
shown in Figure 3.11. Since GmNhxl and GmNhx2 show highest homology to 
and clustered into the same subgroup with the putative vacuolar membrane located 
AgMixl，AtNhxl and AtNhx2, GmNhxl and GmNhx2 may also localize in the 
intracellular /vacuolar membrane. On the other hand, AtNhx5 and AtNhx6 show 
low similarity to GmNhxl and GmNhx2. Phylogenetic analysis also revealed that 
GmNhxl and GmNhx2 are distinct from subgroup consist of ScNhxl from yeast 
and NHE from human. 
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Figure 3.8: Hydrophobicity plot and the proposed topological model of 
GmNhxl and GmNhx2. (a) Hydropathy profiles of the deduced amino acid 
sequences of GmNhxl and GmNhx2. GmNhxl and GmNhx2 are predicted to 
contain 12 transmembrane helices with cytosolic N-terminus and C-terminus using 
the TMpred program (Hofmann and Stoffel, 1993). The x axis indicates the 
amino acid position; the y axis indicates the hydrophobicity values, (b) Structural 
models of GmNhxl and GmNhx2. The diagram was drawn based on the 
prediction of hydropathy profile. Putative transmembrane helices were shown as 
cylinders. Roman numerals denote transmembrane spans. The positions of amino 
acid residues at the membrane interface were indicated by Arabic numerals. The 
differences of amino acid residues in transmembrane domains and loops between 
GmNhxl and GmNhx2 were indicated in shaded boxes respectively. 
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Figure 3.10: Alignment of GmNhxl and GmNhx2 protein with other Na+/H+ 
antiporters. The sequences were aligned by the program ClustalW (Thompson et al., 
1994). The sources and accession numbers of the Na+/H+ antiporters are as follows: 
AgNhxl，Atriplex gmelimi (BAB 11940); AtNhxl, Arabidopsis thaliana (AAM34759); 
Osnhxl, Oryza sativa (BAA83337); ScNhxl, Saccharomyces cerevisiae (Np_010744); 
HsNHEl, Homo sapiens (S68616). Amino acids identical in at least four proteins were 
highlighted in black and conservative substitutions are shown in grey. Twelve putative 
transmembrane spanning domains of GmNhxl and GmNhx2 were overlined and 
indicated by Roman numerals. The consensus amiloride binding motif was indicated in 
transmembrane domain III. The numbers of amino acid residues of each Na+/H+ 
antiporter was indicated in the right of sequences. 
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Figure 3.11: Phylogenetic analysis of GmNhxl/GmNhx2 with other representative 
]Va+/H+ antiporters. Multiple sequence alignment and generation of phylogenetic tree 
(phenogram) were performed using the program Multalin (Corpet, 1988). The scale bar 
indicates the distances as calculated from the multiple alignments. The sources and 
accession numbers of each of the other representative Na+/H+ antiporters are as 
follows: AgNhxi, Atriplex gmelimi (BAB 11940); AtNhxl, AtNhx2, AtNhx3, AtNhx4, 
AtNhx5 and AtNhx6, Arabidopsis thaliana (AAM34759), (AC009465), 
(ACOO11623), (ABO 15479), (AC005287) and (AGO 10793), respectively; OsNhxl, 
sativa (BAA83337); ScNhxl, Saccharomyces cerevisiae (N p一01 0 7 4 4 ); 
HsNHEl，Homo sapiens (S68616); HsNHE3, Homo sapiens (U28043); EcNhaA, 
Escherichia coli (P13738); EcNhaB, Escherichia coli (P27377); AtSOSl，Arabidopsis 
thaliana (AAF76139); ScNhal, Saccharomyces cerevisiae (NP_013239). 
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3.1.3.2 Sequence analysis and multialignment of GmAKTl 
The deduced amino acid sequence of GmAKTl shows 62%-72% identity to 
members of higher plant AKT protein inward-rectifymg K+ channel family such as 
StSKTl, AtAKTl, TaAKTl and OsAKTl, but shares lower homology (only 36% 
identity) to outward-rectifying K+ Channel such as SKOR from A. thaliana (Table 
3.5). Moreover, GmAKTl has greater similarity with A. thaliana AKTl (69%) 
than AKT3 gene (47%). 
comparison of GmAKTl to other potassium channels 
Sneciec： Channel 
______！!！!! 
Solanum tuberosum StSKTl (X86021) 72 
Arabidopsis thaliana AtAKTl (U06745) 69 
Mesembryanthemum 
crystallinum ^ktlp (AF267753) 66 
Triticum aestivum TaAKTl (AF207745) 64 
Oryza sativa OsAKTl (AAL40894) 62 
Arabidopsis thaliana AtAKT3 (CAA16770) 47 
Nicotiana paniculata NpKTl (BAA84085) 46 
Sarnanea saman SPICK2 (AF145272) 44 
Arabidopsis thaliana SKOR (CAA 11280) 36 
Hydropathy analysis of the deduced amino acid sequence using the TMprep 
program (Hofmann and Stoffel, 1993) predicted that GmAKTl has six putative 
transmembrane domains (FigureS. 12a), consistent with Shaker-type K+ channels 
including SKOR (outward rectifying potassium channel), KAT and AKT (inward 
rectifying potassium channels). The proposed structural model of GmAKTl, 
which is deduced from hydropathy plots, suggested a cytosolic N- terminus and a 
long cytosolic C-terminus as shown in Figure 3.12b. 
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Figure 3.12: Hydrophobicity plot and the proposed topological model of GmAKTl. 
(a) Hydropathy profile of the deduced amino acid sequence of GmAKTl. GmAKTl is 
predicted to contain 6 transmembrane domains with cytosolic N-terminus and 
C-terminus, a character of the Shaker-type inward rectifying potassium channel, using 
the TMpred program (Hofmann and Stoffel，1993) on ExPASy Molecular Biology 
Server. The x axis indicated the amino acid position while the y axis indicated the 
hydrophobicity values, (b) Structural models of GmAKTl. The proposed structural 
model was deduced from hydropathy analysis in (a). Putative transmembrane spans 
were shown as cylinders with Roman numerals. The position of amino acid residues at 
the membrane interface were indicated by Arabic numerals. A K+ selective 
pore-forming (P) domain was indicated in the external loop between transmembrane 
spans V and VI. 
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The overall structure of GmAKTl protein was analyzed by NCBI Conserved 
Domain Search program. It was founded that there are Ion—trans (Ion transporter 
protein domain)，CAP_ED (Effector domain of the CAP family of transcription 
factors) / cNMP (Cyclic nucleotide-binding domain) and ANK (Ankyrin repeats) 
domains presented in GmAKTl in the residues of 85-288, 372-477 and 545-700, 
respectively, with 卯.4。/。，lOO�/�and 93o/o alignment with database (accession no. 
cd00204, pfam00520 and cd0038，respectively) as shown in Figure 3.13. Ankyrin 
repeat sequences are present in proteins of the AKT family, but not in proteins of 
the KAT family. 
Multiple alignment of GmAKTl protein with other K+ channels using 
ClustalW program (Thompson, J.D.，et al., 1994) revealed that a conserved K+ 
selective pore-forming (P) domain of plant AKT protein subfamily, 
251LTTVGYGDLH26。，is located between transmembrane domain V and VI as 
shown in Figure 3.14. P-domains of several plant K+ channels such as GmAKTl 
(this works), StSKTl (Solanum tuberosum, X86021), AtAKTl {Arabidopsis 
麵,U06745)，OsAKTl {Oryza sativa, AAL40894), AtKATl (Arabidopsis 
thaliana, S32816) and SKOR {Arabidopsis thaliana, CAM 1280) contain a highly 
conserved amino acid sequence including the GYGD motif, histidine (H) and 
asparagines (T) residues indicated by Italic at conserved positions within the pore 
region. The amino acid composition of pore regions of SKOR-like proteins 
(outward rectifying K+ channels of shaker family) differs at leucine (L) and 
histidine (H) residues from those present in AKT-like proteins (inward rectifying 
K+ channels of shaker family). 
Phylogenetic analysis of various K+ channels indicated that GmAKTl 
clusters with member of the Shaker-type protein family including StSKTl 
{Solanum tuberosum, X86021), AtAKTl (Arabidopsis thaliana, U06745), 
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AtKATl {Arabidopsis thaliana, S32816)，ZmAKTl (Zea mays, CAA68912), 
TaAKTl {Triticum ae—um, AF207745)，OsAKTl (Oryza sativa, AAL40894), 
SKOR {Arabidopsis thaliana, CAM 1280), NpKTl {Nicotiana paniculata, 
BAA84085) and Mktlp (Mesembryanthemum crystallinum, AF267753) as well as 
inward rectifying potassium channels such as IRKl {Homo sapiens, P48049) and 
SPICK2 {Samanea saman, AF145272) that distinguished from another cluster of 
outward rectifying potassium channels such as KCOl {Arabidopsis thaliana, 
CAA65988) from plant and DUK2 {Saccharomyces cerevisiae, CAA64176) from 
yeast. In addition, it was found that GmAKTl belongs to the plant AKT subfamily 
that is distinct from KAT and SKOR subfamilies as shown in Figure 3.15. These 
findings, in conjugation with results from identity comparison and multiple 
alignments, suggest that GmAKTl obtained from Wenfeng? and Union is an 
inward rectifying K+ channel belonging to the AKT subfamily. 
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Figure 3.14: Alignment of GmAKTl protein with other K+ channels. Multiple 
sequence alignment was generated using ClustalW (Thompson, ID., et al., 1994). The 
sources and accession numbers of the K+ channels are as follows: StSKTl, Solarium 
tuberosum (X86021); AtAKTl, Arabidopsis thaliana (U06745); OsAKTl, Oryza 
—va (AAL40894); AtKATl, Arabidopsis thaliana (S32816); SKOR, Arabidopsis 
thaliana (CAA11280); IRKl, Homo sapiens (P48049). Identical residues among the 
proteins were highlighted in black and similar substitutions were shaded in grey. Six 
transmembrane domains were overlined and indicated by Roman numerals. Conserved 
p-domain of plant AKT family was indicated between transmembrane domain V and 
VI. 
9 9 
r — K C 0 1 
^ DUK2 
A • IRK1 
I, ~ ATKAT1 
r SKOR 
•丨二 SPICK2 2 i 肥CK2 
^ NDKTI 
LHI f 0SAKT1 2 I OsAKTi 
A L TaAKTl 
L ZMAKT1 
f MKTI P GMAKT1 ATAKT1 STSKT1 
. ,10 PAM 
Figure 3.15: Phylogenetic analysis of G m A K T l with other representative 
potassium channels. Multiple sequence alignment and phylogenetic analysis 
(phenogram) were performed using the Multalin program (Corpet, 1988). The scale bar 
indicated the distances as calculated from the multiple alignment. The sources and 
accession number of each of the other representative K+ channels are as follows: 
StSKTl, Solanum tuberosum (X86021); AtAKTl, AtKATl, SKOR and KCOl, 
Arabidopsis thaliana (U06745), (S32816), (CAA11280) and (CAA65988), respectively; 
Mktlp, Mesembryanthemum crystallinum (AF267753); ZmAKTl, Zm mays 
(CAA68912); TaAKTl, Triticum aestivum (AF207745); OsAKTl, Oryza sativa 
(AAL40894); IRKl, Homo sapiens (P48049); DUK2, Saccharomyces cerevisiae 
(CAA64176); SPICK2, Samanea soman (AF145272); NpKTl, Nicotiana paniculata 
(BAA84085). 
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3.1.3.3 Sequence analysis and multialignment of G m C L C 
The deduced amino acid sequence of G m C L C shows highest identity (72%) to 
CLC-Nt2 from tobacco. The identities to the human CLC proteins, CLC6 and CLC7, 
are only 29% and 30%, respectively (Table 3.6). Besides, G m C L C is 72%, 71%, 
51% and 41%, respectively, identical to CLC-b, CLC-a, CLC-c and CLC-d proteins 
from Arabidopsis thaliana, and the respective identity is 52% and 50% for CLCl 
protein from rice and potato. 
Table 3.6: Similarity comparison of G m C L C to various chloride channels 
。 . Channel 
Species . Identity (%) 
(accession number) 
Nicotiana tabacum CLC-Nt2 (AF133209) 72 
Arabidopsis thaliana CLC-b (CAA96058) 72 
Arabidopsis thaliana CLC-a (AAC05742) 71 
Oryza sativa OsCLC 1 (BAB97267) 52 
Arabidopsis thaliana AtCLC-c (CAA96059) 51 
Nicotiana tabacum CLC-Ntl (CAA64829) 50 
Solanum tuberosum StCLC 1 (CAA71369) 50 
Arabidopsis thaliana CLC-d (CAA96065) 41 
Homo sapiens CLCl (AL031600) 30 
Homo sapiens CLC6 (NP_001277) 29 
Caenorhabditis elegans CeCLC 1 (AAF13163) 26 
Hydrophobicity plots of the deduced amino acid sequences using TMprep 
program (Hofmann and Stoffel, 1993) indicated that G m C L C has eleven putative 
transmembrane domains (Figure 3.16a), consistent with the CLC- protein family, 
voltage dependent chloride channels, from animals, yeast and plants. The proposed 
structural model of GmCLC, which is deduced from hydropathy analysis, 
suggested cytosolic N- and C-termini and an extracellular hydrophobic region (IV) 
as shown in Figure 3.16b. 
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Figure 3.16: Hydrophobicity plot and proposed topological model of G m C L C . 
(a) Hydropathy profile of the deduced amino acid sequence of GmCLC. G m C L C 
was predicted to contain 11 transmembrane helices with cytosolic N-terminus and 
C-terminus, using the TMpred program (Hofmann and Stoffel, 1993) on ExPASy 
Molecular Biology Server. The x axis indicated the amino acid position; the y axis 
indicated the hydrophobicity values, (b) Structural models of GmCLC. The 
proposed structural model was drawn based on the hydropathy profile. Putative 
transmembrane spans were shown as cylinders with Roman numerals and the 
positions of amino acids at the membrane interface were indicated by Arabic 
numerals. 
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Conserved domain search using NCBI Conserved Domain Search program 
revealed that a voltage—CLC (Voltage gated chloride channel) domain is 
conserved in G m C L C from residues of 143 to 565 with 100% identity to database 
accession No. pfam00654 (Figure 3.17). Moreover, multiple alignment using 
ClastalW program revealed that GmCLC shares high identities with NtCLC2 
(AF133209), AtCLCd (CAA96065), NtCLCl (CAA64829) and AtCLCa 
(AAC05742) from plants, HsCLC7 (AL031600) from human and CeCLCl 
(AAF13163) from fungi within eleven predicted transmembrane segments, 
especially in domain III, IV，V and VI. A conserved amino acid sequence motif in 
proteins of the CLC family from yeast and animals, is also 
present within the extracellular loop and transmembrane segment IV in GmCLC as 
shown in Figure 3.18. This region, together with neighbouring sequences in one or 
more of 11 hydrophobic domains, might contribute to isoform-specific anion 
selectivity (Czempinski et al., 1999). 
The phylogenetic relationship of GmCLC with other representative chloride 
channels was analyzed using the Multalin program (Corpet, 1988). It was found 
that G m C L C (this works), NtCLC2 {Nicotiana tahacum, AF133209), AtCLCa 
{Arabidopsis thaliana, AAC05742) and AtCLCb {Arabidopsis thaliana, 
CAA96058) were grouped into a branch cluster while OsCLCl (Oryza sativa, 
BAB97267), AtCLCc {Arabidopsis thaliana, CAA96059), NtCLCl {Nicotiana 
tabacum, CAA64829) and Stele 1 (Solanum tuberosum, CAA71369) were grouped 
into another cluster. On the other hand, similarity analysis revealed that GmCLC 
has low identities with HsCLC6 {Homo sapiens, NP—001277), HsCLC7, {Homo 
sapiens, AL031600) and AtCLCd {Arabidopsis thaliana, CAA96065). 
Phylogenetic analysis indicated that these chloride channels formed a cluster 
distinct from the previous two groups. Besides, Gefl {Saccharomyces cerevisiae, 
103 
P37020) and CeCLCl (Caenorhabditis elegans, AAF13163) were the outgroups 
in the phylogenetic tree as shown in Figure 3.19. However, little information about 
the fiinction and subcellular localization of the CLC-like proteins is available. 
Further studies are needed to provide an answer. 
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Figure 3.18: Alignment of G m C L C protein with other CI" channels. Alignment 
analysis was performed with ClustalW software (Thompson, J.D., et al.，1994). The 
sources and accession numbers of the CI" channels are as follows: NtCLC2, Nicotiana 
tabacum (AF133209); AtCLCd, Arabidopsis thaliana (CAA96065); NtCLCl, 
Nicotiana tabacum (CAA64829); AtCLCa, Arabidopsis thaliana (AAC05742); 
HsCLC7, Homo sapiens (AL031600); CeCLCl, Caenorhabditis elegans (AAF13163). 
Identical residues among the proteins were highlighted in black and similar 
substitutions were shaded in grey. Putative transmembrane domains were overlined and 
indicated by Roman numerals. A conserved amino acid sequence motif in CLC family 
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from animal, yeast and plant was indicated between the extracellular loop and the 
transmembrane domain IV. 
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Figure 3.19: Phylogenetic analysis of G m C L C with other representative chloride 
channels. Multiple sequence alignment and phylogenetic analysis (phenogram) were 
performed using the program Multalin (Corpet, 1988). The scale bar indicates the 
distances as calculated from the multiple alignment. The sources and accession 
numbers of other representative CI" channels are as follows: NtCLCl, Nicotiana 
tabacum (CAA64829); NtCLC2, Nicotiana tabacum (AF13 3209); AtCLCa, 
Arabidopsis thaliana (AAC05742); AtCLCb, Arabidopsis thaliana (CAA96058); 
AtCLCc, Arabidopsis thaliana (CAA96059); AtCLCd, Arabidopsis thaliana 
(CAA96065); OsCLCl, Oryza sativa (BAB97267); Stele 1，Solanum tuberosum 
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(CAA71369); HsCLC6, Homo sapiens (NP_001277); HsCLC7, Homo sapiens 
(AL031600); Gefl, Saccharomyces cerevisiae (P37020); CeCLCl, Caenorhabditis 
elegans (AAF13163). 
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3.2 Gene expression profiles of GmNhx，GmCLC and GmAKTl 
3.2.1 Induction of GmNhx and GmCLC gene expression by NaCl in different 
strengths of Hoagland's solution 
Ion transporters, which are rapidly modulated in response to environmental 
stimuli, are involved in ion homeostasis for maintaining a suitable cellular ion 
status for plant growth. To investigate the steady-state level of GmNhx and 
G m C L C transcripts under different nutrition and salt stress conditions，total R N A 
samples were isolated from Wenfeng? and Union treated with IX, 1/4X and 
1/8X Hoagland's solution supplemented with 1.2% NaCl until the appearance of 
distinct salt tolerant and sensitive phenotypes. Northern blot analysis using the 
foil length cDNA clones as probes revealed that, in general, the gene expression 
level of GmNhx and GmCLC were induced 2-6 folds in root and leaf tissues of 
Wenfeng? and Union when treated with 1.2% NaCl. Nonetheless, the expression 
patterns of these two ion transporters were different when the plants were grown 
in different strengths of Hoagland's solution (Figure 3.20). 
As shown in Figure 3.20 (A), when treated with IX Hoagland's solution 
supplemented with 1.2% NaCl, expression of GmNhx gene was salt-inducible 
both in root and leaf tissues of WenfengV and Union. However, the expression 
level of GmNhx in root tissue is higher in WenfengV than in Union under salt 
treatment, while the expression in leaf tissue is lower in Wenfeng? than in Union. 
Similar expression pattern was observed for GmCLC in Wenfeng? and Union. 
As shown in Figure 3.20 (B), when treated with 1/4X Hoagland's solution 
supplemented with 1.2% NaCl, GmNhx transcripts also increased both in root 
and leaf tissues of Wenfeng? and Union under salt stress. However, there is no 
significant difference in the expression pattern of root and leaf tissue in 
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mnfeng? and Union. On the other hand, similar expression patterns were 
detected for GmNhx and GmCLC in Wenfeng? and Union under this treatment 
condition. 
As shown in Figure 3.20 (C), when treated with 1/8X Hoagland's solution 
supplemented with 1.2% NaCl, gene expression level of GmNhx was still 
induced under salt treatment, but the induction fold was lower when compared to 
treatment with IX and 1/4X Hoagland's solution supplemented with 1.2% NaCl. 
Besides, the induction fold of GmNhx in roots was higher in Union than 
Wenfeng7 while the differences in leaves were no apparent between Wenfeng? 
and Union. Moreover, similar expression patterns were also observed between 
GmNhx and GmCLC in WenfengV and Union. 
Since the gene expression patterns of GmNhx and GmCLC were very 
similar, the specificity of GmNhx and GmCLC probes used was tested. Dot blot 
hybridization tests were carried out using alkalize denatured plasmid clone and 
PCR products of each gene as the positive control and PGR products of the other 
gene as the negative control (Figure 3.21). It was determined that GmNhx probe 
hybridized specifically with its plasmid clone and PCR products but not PCR 
products from GmCLC. On the other hand, GmCLC probe specifically 
hybridized with its plasmid clone and PCR products but not PCR products from 
G^Nhx. Moreover, plasmid clones and PCR products of GmNhx and GmCLC 
used in this test were sequenced to confirm their identities. 
To summary, northern blot analysis of gene expression patterns of GmNhx 
and GmCLC suggests that the expressions of these two genes are tightly 
coordinated in both WenfengV and Union when subjected to NaCl stress. 
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Figure 3.20: Induction of GmNhx and GmCLC gene expression in Wenfeng? 
and Union by NaCl in different Hoagland's solution. 
(A) Expression pattern of GmNhx and GmCLC in root and leaf tissues of 
Wenfeng7 and Union treated with IX Hoagland's solution supplemented with 
1.20/0 NaCl. 
(B) Expression pattern of GmNhx and GmCLC in root and leaf tissues of 
Wenfeng7 and Union treated with 1/4X Hoagland's solution supplemented 
with 1.2% NaCl. 
(C) Expression pattern of GmNhx and GmCLC in root and leaf tissues of 
Wenfeng7 and Union treated with 1/8X Hoagland's solution supplemented 
with 1.20/0 NaCl. 
R N A was isolated from root and leaf tissue of 3-week-old Wenfeng? and Union 
treated with different Hoagland's solution supplemented with 1.2% NaCl or 
without NaCl (control) for ten days. Approximately 15/xg total R N A was loaded 
on each lane and subjected to Northern blot analysis using the DIG-labeled full 
length probes. The ethidium bromide-stained rRNA bands are shown as a loading 
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control. 
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Figure 3.21: Dot blot hybridization for testing the specificity of GmNhx and 
G/wCZC probes. 
(A) Dot blot analysis of GmNhx probe. Spot 1 is the plasmid clone of GmNhx-
Spot 2 and 3 are PCR products amplified from GmNhx clone using gene 
specific primers (HMOL 1151 and 1152); Spot 4 and 5 (negative control) are 
PCR products amplified from GmCLC clone using gene specific primers 
(HMOL 1155 and 1156). Graph in the left panel shows the sample dotted onto 
the nitrocellulose membrane while the graph in the right panel shows the 
signal of sample that hybridized with GmNhx probe. 
(B) Dot blot analysis of GmCLC probe. Spot 1 is the plasmid clone of GmCLC., 
Spot 2 and 3 are PCR products amplified from GmCLC clone using gene 
specific primers (HMOL 1155 and 1156); Spot 4 and 5 (negative control) are 
PCR products amplified from GmNhx clone using gene specific primers 
(HMOL 1151 and 1152). Graph in the left panel shows the sample dotted onto 
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the nitrocellulose membrane while the graph in the right panel shows the 
signal of sample that hybridized with G m C Z C probe. 
About lOng of plasmid clones and PCR products were alkalize denatured and 
dotted onto the nitrocellulose membrane, before subject to U V crosslinking， 
prehybridization and hybridization with GmNhx or GmCLC probes. The signals 
were detected by exposing to X-ray film for one hour at 37"C. 
3.2.2 RT-PCR using gene specific primers to distinguish the gene expression of 
GmNhxl and GmNhx2 
Because the D N A sequence of GmNhxl cDNA displayed 97% identity to 
G 通 R T - P C R analysis was performed to discriminate between the 
expression patterns of these two GmNhx genes. Two primer sets, in which two to 
three nucleotides at each 3, end of the primer are different from one another as 
shown in Figure 3.22, were constructed and they amplified specific D N A 
fragments (720bp) corresponding to each GmNhx cDNA. 
For GmNhxl, the transcripts were increased in both roots and leaves of 
Wenfeng7 and Union during salt stress. For GmNhxl, similar gene expression 
pattern (but all signals were weaker) was observed, except that GmNhxl seemed 
to express less in leaves ofWenfeng? than Union during 1.2% NaCl treatment. 
These results suggested that GmNhxl may be regulated differently from GmNhxl 
in different varieties under certain growth conditions. 
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Figure 3.22: P C R for testing the specificity of primer sets for GmNhxl and 
GmNhx2, 
Primer sets designed for distinguishing GmNhxl and GmNhx2 genes were indicated 
below the gel photo. 1-F and 1-R, and 2-F and 2-R are the forward and reverse 
primers for GmNhxl and GmNhx2, respectively. For PCR amplification, lOng plasmid 
clones were used as template for 50^1 reaction mix and 5^1 PCR products from 
reactions of the two primer sets were run on 1.5% agarose gel. Lane 1 is the lOObp 
D N A marker, lane 2-5 are the PCR products using the GmNhxl plasmid clone as 
template while lane 6-9 are the PCR products using the GmNhx2 plasmid clone as 
template. The primer sets of 1-F and 1-R, and 2-F and 2-R each specifically amplified 
a 720bp D N A fragment from GmNhxl and GmNhxl plasmids, 
respectively. 
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Figure 3.23: RT-PCR analysis of GmNhxl and Gmmx2 genes in root and leaf 
tissue ofWenfeng? and Union. 
R N A was isolated from root and leaf tissues of salt tolerant Wenfeng? and salt sensitive 
Union that treated with IX Hoagland's solution supplemented with 0% (control) and 
1.20,0 NaCl. One i^g total R N A was used for reverse transcription. The primer sets of 
1-F and 1-R, and 2-F and 2-R used for RT-PCR each specifically amplified a 720bp 
D N A fragment corresponding with GmNhxl and GmNhx2 cDNA, respectively. The 
amplification of actin cDNA (360bp) was used as internal control to check that an equal 
amount of R N A was provided in all RT-PCR experiments. Same PCR cycling and 
condition were used for amplification of GmNhxl and GmNhx2 cDNA. 
3.2.3 RT-PCR analysis of the transcripts of GmAKTl in Wenfeng? and Union 
G — K T I transcripts were in a very low level and could not be detected by 
Northern blot hybridizations, so RT-PCR was used to investigate its expression. 
PCR products of RT-PCR were shown in Figure 3.25 with templates derived 
from root and leaf tissue of Wenfeng? and Union that treated with IX 
Hoagland's solution supplemented with 0% (control) and 1.2% NaCl. Primers 
flanking the coding region of GmAKTl (llOObp) were used and 
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actin-degenerate primers served as control. 
RT-PCR analysis indicated that GmAKTl transcripts were more apparent in 
roots than in leaves both in Wenfeng? and Union. Moreover, GmAKTl 
transcripts were increased in root of NaCl-treated Union and leaf of 
NaCl-treated wenfengT. These results suggested that GmAKTl are regulated 
differently in roots and leaves ofWenfeng? and Union 
On the other hand, GmAKTl transcripts can not be detected until RT-PCR 
reactions reached 35 cycles. Compared to GmNhxl and GmNhx2, GmAKTl 
transcripts were in a lower abundance both in Wenfeng? and Union. 
Leaf Root 
W^nf^nq/ ^Jnion Wenfena7 Union 
N a C I % 0 1.2 0 L2 o 12 ~ 2 
• H — w _ii•III 丄 u 
M C i K I E l ^ ^ I T T l GmAKTl 
冒 Actin 
Figure 3.24: RT-PCR for transcript analysis of GmAKTl in root and leaf 
tissue of WenfengT and Union. 
R N A was isolated from root and leaf tissue of salt tolerant WenfengT and salt 
sensitive Union that treated with IX Hoagland's solution supplemented with 0% 
(control) and 1.2% NaCl. One ^ g total R N A was used for reverse transcription. 
The primer sets used for RT-PCR specifically amplified a llOObp D N A fragment 
from GmAKTl cDNA. The amplification of actin cDNA (360bp) was used as 
internal control to check that an equal amount of R N A was provided in all 
RT-PCR experiments. 
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3.3 Functional analysis of transgenic plants in salt tress 
3.3.1 Cloning of GmNhxl，GmNhx2，GmCLC and GmAKTl into the V7 vector 
pBluescript II KS (+) vectors containing full length coding region of 
G藏 1’ Gnmx2’ GmCLC and GmAKTl without PCR errors were selected 
and digested with Xhol and Xbal restriction enzymes, before directi麵lly 
cloned into the binaiy vector V7 that also digested with same restriction 
enzymes as described in the Material and Methods Section. 
The V7 binary vector harbors the 35S promoter from cauliflower mosaic 
vims and the terminator region ofNopaline synthase (NOS) following a multiple 
cloning sites, in addition to the coding sequence for Neomycin 
phosphotransferase II (NPT2), between the right and left border regions (Brears 
et al, 1993). 
In this study, GmNhxl，GmNhx2, GmCLC and GmAKTl cDNAs were 
inserted into V7 between the 35S promoter and the N O S terminator in sense 
direction as shown in Figure 3.25 for plant transformation. NPT2, which can 
confer kanamycin resistance, acted as a marker for selection of positive 
transformants. 
Partial D N A sequences of the recombinant plasmids were determined using 
the V7 primer (an internal sequence of the C a M V 35S promoter upstream of the 
cloning site). Sequencing results showed that all clones contained the target 
cDNA fragment inserted in a sense direction relative to the C a M V 35S promoter. 
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Figure3.25: Cloning of GmNhxl, GmNhx2，GmCLC and GmAKTl into the 
V7 vector. 
Plasmids containing full length coding regions of GmNhxl, GmNhx2, GmCLC 
and GmAKTl genes in pBluescript II K S (+) vector were digested with Xhol and 
Xbal restriction enzymes for at least 4 hours at 37°C, before directionally 
subcloned into binary Ti vector, V7, which digested with same restriction 
enzymes. GmNhxl, GmNhxl, GmCLC and GmAKTl cDNAs were placed 
between the 35S promoter of cauliflower mosaic virus and the terminator region 
of Nopaline synthase (NOS) in sense direction and inserted into the polylinker 
region of the binary vector V7 for plant transformation. NPT2, the coding 
sequence for Neomycin phosphotransferase II, acted as a selectable marker for 
positive transformants. 
121 
3.3.2 Transformation of chimeric gene constructs into A. tumefaciens 
To perform Agrobacterium-mQdmtQd transformation, the recombinant 
plasmids，V7/35S-GmAfc 人 Y7/35S-GmNhx2, Vl/SSS-GmAKTI and 
y7/35S-GmCLQ were transformed into the Agrobacterium tumefaciens host, 
GV3101/ pMP90, a commonly used strain for Agrobacterium-mQdmtQd plant 
transformation especially when vacuum infiltration was employed (Bechtold et 
al., 1993). 
After transformation ofV7 chimeric gene constructs into A. tumefaciens by 
eletroporation as described in the Material and Methods Section, positive 
transformants possessed the GmNhxl, GmNhxl, GmCLC and GmAKTl cDNAs 
were verified by PCR screening using gene specific primers flanking the start 
and stop codons of each gene. As shown in Figure 3.26, the target D N A bands, 
1.8 Kb, 2.8 Kb and 2.5 Kb in size, respectively, for GmNhxl/GmNhx2, GmAKTl 
and GmCLC were specifically amplified from the transformed^, tumefaciens. 
(A) 1 2 3 4 5 6 7 8 9 
( B ) 」 2 3 4 5 (C) 1 2 3 4 5 
K l i l i l i h i l l 
122 
Figure 3.26: P C R screening of transformed A tumefaciens using gene specific 
primers. 
⑷ PCR screening of VI-GmNhxl and Nl-GmNhx2 trmsfovm^d Agrobacteria using 
oligos H M O L 1151 and H M O L 1152. Lane 1: 1Kb step ladder; lane 2-5: PCR 
products amplified from selected colonies of Vl-GmNhxl transformed A. 
tumefaciens., lane 6-9: PCR products amplified from selected colonies of 
Yl-GmNhx2 transformed^, tumefaciens. 
(B) PCR screening of -GmAKTl transformed Agrobacteria using oligos H M O L 
1153 and H M O L 1154. Lane 1: 1Kb step ladder; lane 2-5: PCR products amplified 
from selected colonies of Y1-GmAKTl transformed tumefaciens. 
(C) PCR screening of Vl-GmCLC transformed Agrobacteria using oligos H M O L 
1155 and H M O L 1156. Lane 1: 1Kb D N A plus ladder; lane 2-5: PCR products 
amplified from selected colonies of W1-GmCLC transformed A. tumefaciens. 
Chimeric gene constructs of GmNhxl GmNhx2, GmCLC and GmAKTl in V7 
binary vectors were transformed into A. tumefaciens by eletroporation as 
described in the Material and Methods Section. Four single colonies were selected 
for PCR screening using gene specific primers flanking the start and stop codons. 
The target amplified D N A are 1.8, 2.8 and 2.5 Kb in size, respectively, for 
GmNhxl/GmNhx2, GmAKTl and GmCLC. 
3.3.3 Vacuum infiltration transformation oi Arabidopsis thaliana and selection of 
transgenic plants 
The chimeric gene constructs, Yl/SSS-GmNhxl V7/35S-GmNhx2, 
Y7/35S-GmAKTl and Y7/35S-GmCLC, were introduced into A. thaliana 
ecotype Columbia-0 by a vacuum infiltration protocol (Bechtold et al., 1993). 
123 
A thaliana was also transformed with the V7 vector without the target gene as a 
vector-alone control. 
Plants for transformation were grown in an environmentally controlled 
growth chamber under a regular day-light cycle of 16 hr light /8 hr dark at 20°C 
to 22°C. A total of 12 flower bud-bearing plants of 6-12 inches in height were 
chosen for vacuum infiltration (see Materials and Methods Section) for each 
chimeric gene construct. Transformed plants were rescued and allowed to grow 
and shed seeds. 
About 1000 To seeds from each transformed plants were surface-sterilized 
and plated on the MS/kanamycin medium to screen for the kanamycin-resistant 
transgenic plants. Non-transformants are sensitive to kanamycin treatment and 
would grow as yellow seedlings while positive transformants that are kanamycin 
resistant would grow as green seedlings and can expand their true leaves (Figure 
3.27 A).Twelve independent Ti transgenic lines were screened for each 
transgene. For each Ti transgenic lines, at least four positive transformants were 
selected and allowed to undergo self-fertilization. 
Hemizygous transgenic plants containing single insertion/locus of the 
transgene were selected from T2 generation based on the kanamycin resistant to 
sensitive ratio (3:1, verified by chi-square test) by plating out about 100-200 Ti 
seeds on MS/kanamycin plates (Figure 3.27 B). T2 seedlings showing a ratio of 
kanamycin resistant to sensitive greater than 3:1 are considered as multi-gene 
insertion. Five to seven independent T2 transgenic lines with single insertion of 
the transgene were obtained as shown in Table 3.7, 3.8, 3.9, 3.10. At least eight 
kanamycin-resistant seedlings from each T2 transgenic lines with single gene 
insertion were transferred into Metromix-200 soil for growth and shed seeds for 
screening in the next generation. 
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The seeds from T2 transgenic lines were selected for homozygosity of the 
transgene by plating out about 50 seeds on the selection medium. T3 seedlings 
that all survived in the selection plate are homozygous transgenic lines while T3 
seedlings shown a phenotype of 3:1 ratio in kanamycin resistant to kanamycin 
sensitive are hemizygous transgenic lines (Figure 3.27 C). As a result, Four to 
five independent homozygous transgenic lines as shown in Table 3.11 were 
obtained and selected for fiirther analysis and functional tests. 
(A)  
_ 
125 
Figure 3.27: Selection of Ti, T2 and T3 transgenic plants. 
(A) To seeds were surface-sterilized and plated on the MS/kanamycin medium to 
select for the kanamycin-resistant transgenic plants. Non-transformants were 
sensitive to kanamycin treatment and appeared as yellow seedlings while 
positive transformants that were kanamycin resistant grown as green plants and 
with expanded true leaves. 
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(B) Ti seeds were surface-sterilized and plated on the MS/kanamycin medium to 
select for T2 transgenic plants. T2 seedlings with 3:1 ratio in phenotype of 
kanamycin resistant: kanamycin sensitive are considered as transgenic line with 
single insertion loci. 
(C) T2 seeds from transgenic plants single insertion loci were surface-sterilized 
and plated on the MS/kanamycin medium to select for the T3 homozygous 
transgenic plants. T3 seedlings that all survived in the selection plate are 
homozygous transgenic lines while T3 seedlings shown 3:1 ratio of kanamycin 
resistant: sensitive phenotypes are hemizygous transgenic lines. 
Table 3.7: T2 transgenic lines of GmNhxl showing 3:1 ratio of green: yellow 
seedlings 
Transgenic line # Green # Yellow X^ Value Conclusion 
1162-3 70 20 0.370 Single insertion locus 
1162-7-1 76 23 0.165 Single insertion locus 
1162-7-4 88 30 0.011 Single insertion locus 
1162-8-9 88 29 0.003 Single insertion locus 
1162-9-7 83 29 0.048 Single insertion locus 
1162-9-11 73 25 0.014 Single insertion locus 
1162-9-9 69 30 1.485 Single insertion locus 
1162-10-1 67 18 0.663 Single insertion locus 
1162-10-5 88 24 0.762 Single insertion locus 
1162-11 90 36 0.857 Single insertion locus 
1162-12-5 115 38 0.002 Single insertion locus 
S^ignificance level was set of 0.05 and the critical value of Chi-square test was 
calculated as 3.841. 
127 
Table 3.8: T2 transgenic lines of GmNhx2 showing 3:1 ratio of green: yellow 
seedlings 
Transgenic line # Green # Yellow Value Conclusion 
1164-6-3 104 32 0.157 Single insertion locus 
1164-6-6 106 33 0.118 Single insertion locus 
1164-8 116 37 0.054 Single insertion locus 
1164-9-1 71 23 0.014 Single insertion locus 
1164-9-2 113 40 0.107 Single insertion locus 
1164-10-6 86 26 0.190 Single insertion locus 
1164-10-1 137 45 0.007 Single insertion locus 
1164-11-3 97 32 0.003 Single insertion locus 
1164-11-4 97 24 1.722 Single insertion locus 
S^ignificance level was set of 0.05 and the critical value ofChi-square test was 
calculated as 3.841. 
Table 3.9: T2 transgenic lines of GmAKTl showing 3:1 ratio of green: yellow 
seedlings 
Transgenic line # Green # Yellow X^ Value Conclusion 
1246 1-2 138 50 0.255 Single insertion locus 
1246 1-3 149 44 0.499 Single insertion locus 
1246 3-4 155 51 0.006 Single insertion locus 
1246 4-3 137 50 0.301 Single insertion locus 
1246 4-4 106 37 0.058 Single insertion locus 
1246-5-2 131 42 0.048 Single insertion locus 
1246 8-1 137 50 0.301 Single insertion locus 
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1246 8-6 147 56 0.724 Single insertion locus 
1246 9-1 148 58 1.094 Single insertion locus 
1246 10-2 132 42 0.069 Single insertion locus 
S^ignificance level was set of 0.05 and the critical value of Chi-square test was 
calculated as 3.841. 
Table 3.10: T2 transgenic lines of GmCLC showing 3:1 ratio of green: yellow 
seedlings 
IVansgenic line # Careen # Yellow Value Conclusion 
1238 1-8 135 53 1.021 Single insertion locus 
1258 2-2 221 72 0.028 Single insertion locus 
1258 3-2 211 53 3.414 Single insertion locus 
1258 3-9 . 118 42 0.133 Single insertion locus 
1258 4-1 131 43 0.008 Single insertion locus 
1258 6-4 154 51 0.002 Single insertion locus 
1258 6-5 160 62 1.015 Single insertion locus 
1258 7-1 139 42 0.311 Single insertion locus 
1258 8-4 123 47 0.635 Single insertion locus 
1258 8-5 93 38 1.122 Single insertion locus 
'Significance level was set of 0.05 and the critical value of Chi-square test was 
calculated as 3.841. 
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Table 3.11: T3 transgenic lines showing homozygosity of the transgene 
Homozygous lines Homozygous lines 
of GmNhxl of GmNhxl of GmAKTl of GmCLC 
1162 8-9-1 — 1164 6-3-5 1246 1-3-1 ~~~1258 2-2-1 
1162 8-9-8 1164 6-3-8 1246 1-3-7 ^ ^ ^ ^ ^ 
膽 9 - 7 - 3 1 1 6 4 6 - 6 - 3 1 2 4 6 3 - 3 - 5 1 2 5 8 2 - 2 - 8 
1162 9-7-5 1164 10-6-1 1246 5-2-1 1258 3-2-2 
1162 9-11-7 1164 10-6-3 1246 5-2-6 1258 3-2-4 
1162 9-11-8 1164 10-6-7 1246 8-6-5 1258 6-4-2 
1162 10-5-1 1164 11-3-3 1246 8-6-8 1258 6-4-3 
1162 10-5-6 1164 11-3-4 1246 9-1-3 1258 7-1-2 
1162 12-5-3 1164 11-3-7 1246 9-1-7 1258 7-1-6 
3.3.4 P C R screening of transgene from transgenic plants 
To confirm that the target transgene is present in the transgenic plant, genomic 
D N A was isolated from the T2 hemizygous and T3 homozygous plants for PCR 
screening by the modified Cetyltrimethylammonium Bromide (CTAB) method (Doyle 
et al, 1990). 
Genomic D N A from GmNhxl and GmNhxl T2 transgenic plants were used as 
template for PCR screening of target transgene using gene specific primers, H M O L 
1151 and H M O L 1152, H M O L 1345 and H M O L 1346, respectively for GmNhxl and 
G浦hx2. Expected D N A fragments, 1.8 Kb in size, were specifically amplified from 
the twelve independent transgenic lines as shown in Figure 3.28 (A) and (B). 
Besides, genomic D N A was also isolated from T3 homozygous line of GmNhxl, 
GmNhx2, GmCLC and GmAKTl. PCR screening using V7 primer, an internal 
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sequence of the C a M V 35S promoter, in combination with reverse gene specific 
primer, H M O L 798, H M O L 1026 and H M O L 1029 revealed that the target D N A 
fragments, 900bp, 970bp and llOObp in size, respectively for GmNhxl/GmNhx2’ 
G m C Z C and GmAKTl, were specific amplified from each T3 homozygous line as 
shown in Figure 3.29. 
These results indicated that the chimeric gene constructs, VII湖-GmNhxl, 
y7/35S-GmNhx2, Y7/35S-GmAKTl and Vl/SSS-GmCLQ were successfully 
introduced into A. thaliana, in addition, the transgene can be inherited into next 
generation and the 35S promoter for the target transgene is not rearranged in T3 
homozygous lines. 
(A) 9 10 11 12 13 14 15 
(B) -—1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Figure 3.28: P C R screening of T2 transgenic plants using gene specific 
primers. 
Genomic D N A was isolated from T2 transgenic plants by the modified CTAB 
method (Doyle et al, 1990) and used as template for PCR screening of target 
transgene using gene specific primers. Lane 1: 1 Kb step ladder; lane 2-13: 
twelve independent T2 transgenic lines; lane 14: positive control using 
131 
GmNhxl/GmNhx2 plasmid clones; lane 15: wild type Col-0. The amplified D N A 
bands were 1.8Kb in size as expected. 
�� 〜 ； V 为 、 ； y 、 > > Z � > 々 一 / / / - m i L u m 
、， � ^ ^ ^ ^ / / / / / / / 
GmAKTl 
Figure 3.29: P C R screening of transgene in T3 homozygous plants using V7 
primer and gene specific primer. 
Genomic D N A was isolated from T3 homozygous plants by the modified CTAB 
method (Doyle et al, 1990) and used as template for PCR screening of target 
transgenes using V7 primer of 35S promoter in combination with reverse gene 
specific primer. The amplified D N A bands were 900bp, 970bp and llOObp in 
size, as expected, for GmNhxl/GmNhx2, GmCLC and GmAKTl, respectively. 
Genomic D N A from wild type Col-0 and plants transformed with vector only 
were used as control. 
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3.3.5 RT-PCR and Northern blot analysis of the transgene expression 
To test whether the transgene is expressed in the transgenic A. thaliana, RT-
PCR and Northern blot techniques were performed to detect the transcripts of the 
target transgene as described in Materials and Methods section. Total R N A for 
analysis was isolated from whole tissue of 3-week-old T2 and T3 transgenic lines 
grown on M S plates. 
R N A from six independent T2 and T3 transgenic lines of GmNhx were used 
as template for cDNA synthesis. RT-PCR analysis revealed that GmNhxl 
transcripts were only detected in 1162 12-5 T2 transgenic line while GmNhxl 
transcripts were detected in 1164 10-6 and 1164 11-4 T2 transgenic lines (Figure 
3.30 A). Neither GmNhxl nor GmNhxl transcripts were detected in the six 
independent T3 homozygous lines (1162 8-9-1, 1162 9-11-3, 1162 12-5-3, 1164 
6-6-3，1164 10-6-3 and 1164 11-3-4). These results indicated that gene silencing 
had occurred in GmNhxl and GmNhx2 transgenic plants. 
Total R N A isolated from four independent GmCLC T2 and T3 transgenic 
lines were subjected to Northern blot analysis using the DIG-labeled Ml length 
D N A as probes. Northern blot hybridization revealed that GmCLC transcripts 
were only presented in the four T2 transgenic lines (1258 2-2, 1258 3-2, 1258 6-4 
and 1258 7-1) but not in the T3 homozygous lines (1258 2-2-3, 1258 3-2-4, 1258 
6-4-2 and 1258 7-1-2) (Figure 3.30 B). This result also suggested that GmCLC is 
silenced in T3 homozygous lines. 
R N A from four independent T2 and T3 transgenic lines of GmAKTl were 
treated with DNase I to elimanate genomic D N A contamination and used as 
template for cDNA synthesis. RT-PCR results revealed that transcripts of 
GmAKTl were detected in both T2 hemizygous (1162 1-3, 1162 3-3, 1162 5-2 
and 1162 10-2) and T3 homozygous transgenic plants (1162 1-3-7, 1162 5-2-1, 
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1162 9-1-3 and 1162 9-1-7) (Figure 3.30 C). 
T 2 plants T 3 plants 
；^〜、感傲> 
G二hx2 I ^ H ^ U B No signal in RT-PCR 
(B) , ‘ � A Z Z Z � � � < / 
GmCLC No signal in Northern 
(c) f ¥ y � / / / � ‘ � � � � �/ / V , / _ M r r m ^ ^ ^ 
Figure 3.30: Northern Blot and RT-PCR analysis of transgene expression in 
T2 & T3 transgenic plants. 
Total R N A was isolated from whole tissue of 3-weeks-old T2 hemizygous and T3 
homozygous plants. One jug total RNA from each GmNhxl, GmNhxl (A) and 
GmAKTl (C) transgenic lines was treated with DNase I and used for reverse 
transcription. The primer sets used for RT-PCR can specifically amplify 770bp 
and 1.1Kb D N A fragments from GmNhxl/GmNhx2 and GmAKTl cDNA, 
respectively. Approximately IS^g total R N A isolated from four independent 
GmCLC T2 and T3 (B) transgenic lines were subjected to Northern blot 
hybridization technique using the DIG-labeled Ml length D N A as probes. R N A 
from wild type Col-0 and vector only transformed plants were used as control. 
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3.3.6 Functional test of transgenic plants under salt stress 
To investigate whether the overexpression of GmNhxl, GmNhx2, GmCLC 
—GmAKTl genes in Arabidopsis can confer salt tolerance，functional test 
using T2 and T3 transgenic plants were performed under salt stress 
T2 transgenic plants were tested for salt tolerance by growing on M S plates 
supplemented with 1.2% NaCl. T2 transgenic plants containing the target 
transgene and wild type plants Col-0, after germination and screening as 
described in Materials and Methods section 2.2.3.8，were transferred onto M S 
plate containing 1.2% NaCl (-200 mM). It was found that T2 transgenic plants 
from lines of 1162 12-5, 1162 8-4, 1162 9-11 and 1162-3 {Gm Nhxl), 1164 10-6, 
1164 11-4, 1164-8 and 1164 9-ll(Gm Nhx2) exhibited apparent salt tolerance 
phenotype after 3-weeks salt treatment, compared to wild type Col-0. Typical 
results were shown in Figure 3.31，GmNhxl and GmNhx2 T2 transgenic plants 
showed a substantial growth without chlorosis on leaves under 1.2% NaCl 
treatment, whereas wild type plants displayed severe chlorosis, reduced leaf size 
and growth inhibition as well as early budding (a phenomenon resulted from 
stress) under the same conditions. However, no significant salt tolerance 
phenotypes were observed in GmCLC and GmAKTl T2 transgenic plants under 
this test conditions. 
In order to further investigate the salt tolerance capacity of these transgenic 
plants，another salt test were performed for T3 homozygous transgenic plants 
using sand as a growing medium supplemented with 1/8 X Hoagland solution 
containing 1.2% NaCl. In this salt test, three-weeks-old seedlings of wild type 
and T3 homozygous transgenic plants from independent lines (1162 8-9-8, 1162 
9-11-3, 1162 9-7-3, 1162 12-5-3，1164 6-3-8, 1164 6-6-3, 1164 10-6-3 and 1164 
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11-3-3) were used. Seeds were first geminated on M S plates and the seedlings 
were transferred into sand individually. After irrigating with IX Hoagland 
solution for 2 days，the transferred plants were irrigated with 1/8 X Hoagland 
solution supplemented with 1.2% NaCl. It was founded that GmNhxl T3 
transgenic plants from lines of 1162 12-5-3, 1162 8-9-8, and 1162 9-11-3 
exhibited significant salt tolerance phenotype compared to wild type Col-0 after 
one-week salt treatment. As shown in Figure 3.32, under the high salinity stress, 
the whole plants of wild type Col-0 suffered from severe chlorosis and swirling, 
and ultimately died, while GmNhxl T3 transgenic plants still could maintain a 
substantial growth and even produced siliques. GmNhxl T3 transgenic plants 
from lines of 1164 10-6-3，1164 11-3-3 and 1164 6-3-8 also showed similar salt 
tolerance phenotype. No salt tolerance phenotypes were detectable in GmCLC 
GmAKTl T3 transgenic plants under this test condition. 
However, the salt tolerance phenotypes of GmNhxl and GmNhx2 (1162 
8-9-8, 1162 9-11-3, 1162 12-5-3, 1164 6-3-8, 1164 10-6-3 and 1164 11-3-3) were 
lost in all consequent tests. It is probably due to gene silencing as shown in 
Figure 3.30. 
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Figure 3.31: Functional test of GmNhxl and GmNhxl T2 transgenic plants 
(before gene silencing) on MS plate supplemented with 1.2% NaCl. 
T2 transgenic plants were first germinated and screened on MS/kanamycin plate. 
7- days-old seedlings were then transferred onto another M S plate supplement 
with 1.2 % NaCl for salt test. Wild type Clo-0 was germinated on M S plate 
without kanamycin and then transferred into same M S plate as a control. The 
photo of transgenic plants showing apparent salt tolerance phenotype was taken 
3-weeks after salt treatment. 
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Figure 3.32: Functional test of GmNhxl T3 homozygous transgenic plants 
(before gene silencing) on sands treated with 1/8 X Hoagland solution 
supplemented with 1.2% NaCl. 
Three-weeks-old seedlings of wild type and T3 homozygous transgenic plants 
were used. Seeds were first geminated on M S plates before transferred to sand 
individually. After irrigating with IX Hoagland solution for 2 days, the 
transferred plants were treated with 1/8 X Hoagland solution supplemented with 
1.2% NaCl. The photo showing distinct salt tolerance phenotypes of transgenic 
plants compared to wild type Col-0 was taken one week after salt treatment. WT: 
wild type plant Col-0; A2, A3 and A4: three independent homozygous transgenic 
plants (1162 8-9-8, 1162 12-5-3 and 1162 9-11-3). 
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4. Discussion 
4.1. Isolation of GmNhx, GmAKTl and GmCLC from Wenfeng? 
and Union 
4.11 GmNhxl and GmNhx2 are putative vacuolar N a W antiporters in 
soybeam 
Salinity is a major constraint of crop productivity because it reduces 
yields and limits expansion of agriculture into previous uncultivated land 
(Flowers and Yeo, 1995). To avoid the toxic effects of salt, plants have 
developed mechanisms to limit Na+ uptake, to increase Na+ extrusion, or to 
sequester Na+ into vacuoles (Amtmann and Sanders, 1999). It is known that 
halophytes have a high capacity to sequester Na+ in vacuoles to maintain low 
cytosolic concentration of Na+(Barkla et al, 1995). Also, it is suggested that 
Na+/H+ antiporters play a key role in the maintenance of osmotic balance 
(Rausch et al., 1996). More recently, the anticipated involvement of plant 
sodium/proton antiporters (Nhx family) in salinity protection has been 
documented (Apse et al., 1999; Gaxiola et al., 1999). 
Using a homologous region from other reported clones, two putative 
Na+/H+ antiporter genes were successfully isolated from both salt-tolerant 
WenfengV and salt-sensitive Union, which were named GmNhxl and GmNhx2. 
GmNhxl and GmNhxl both encode an open reading frame (ORF) of 546 
amino acids (Figure 3.4 and 3.5) and differ in 10 amino acid residues, of 
which 3 residues are located in the transmembrane domains while others are 
located in the cytosolic transmembrane loops (mainly in N- and C- termini) as 
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shown in Figure 3.8 b. They share 97% sequence identity and show similar 
hydrophobic profiles with AtNhxl, a vacuolar Na+/H+ antiporter from 
Arabidopsis thaliana (Figure 3.8a). This implies that Wenfeng? and Union not 
only possess such antiporters, but the Nhx genes may occur as a multiple gene 
family. Besides, GmNhxl and GmNhx2 show identical amino acid sequence 
in salt-tolerant Wenfeng? and salt-sensitive Union. This suggests that the 
ability ofWengfeng? to sustain better growth under high salinity conditions is 
not due to a unique Na+/H+ antiporter, but is more likely to be correlated with 
the differences in gene expression level (Apse et al., 1999). 
Mammalian Na+/H+ antiporters have been well characterized (Orlowski 
and Grinstein, 1997). Based on hydropathy profile of the amino acid sequence, 
there are 12 transmembrane segments comprising a discrete N-terminal 
structural domain of about 500 residues, followed by a long cytoplasmic 
C-terminal tail of about 300 residues. Although the length is shorter in plants, 
the Na+/H+ antiporters reported here, GmNhxl and GmNhx2, were shown to 
have 12 transmembrane domains by hydropathy plot analysis (Figure 3.8). 
Comparison of the amino acid sequence with other plant genes indicated that 
the transmembrane segments are well conserved (Figure 3.10). Phylogeny 
analysis with various Na+/H+ antiporters from other species revealed that 
GmNhxl and GmNhx2 were clustered with vacuolar-type antiporters 
(Mix family) from halophyte Atriplex gmelini (Hamada et al., 2001) and 
glycophyte Arabidopsis thaliana (Apse et al., 1999). The yeast NHXl gene 
product has been localized to the prevacuolar compartments to mediate 
intracellular sequestration of Na+ (Nass et al., 1997) and has been shown to 
play a role in osmotolerance following hypotonic shock (Nass and Rao, 1999). 
In plants, N H X proteins have been directly associated with the accumulation 
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of Na+in the vacuole (Apse et al” 1999; Zhang et al., 2001). These findings 
suggest that GmNhxl and GmNhx2 are probably vacuolar-type Na+/H+ 
antiporters in WenfengT and Union. Na+ compartmentation is an economical 
means of preventing Na+ toxicity in the cytosol because the Na+ can be used as 
an osmolyte in the vacuole to help maintaining osmotic homeostasis. Many 
naturally salt-tolerant plants rely on this strategy (Flowers et al., 1977). As 
such，GmNhxl and GmNhx2 are expected to involve in vacuolar 
compartmentation of sodium in salt-tolerant WenfengT and progenies to 
maintain a lower Na+/K+ ratio in the leaf tissue. 
4.1.2. GmAKTl is an inward-rectifying K+ channel in soybean 
Sodium uptake into plant cells occurs via potassium acquisition pathway 
under saline conditions (Blumwald et al., 2000). The elevated Na+ 
concentration in the cytosol is detrimental to cellular processes (Jain and 
Selvaraj, 1997). Maintenance of a high K+/Na+ ratio in the cytoplasm is 
thought to be a strategy for salt-tolerance in plants (DuPont, 1992). To achieve 
this goal, the first step in plant is to reduce Na+influx into cells through K+ 
transporters, and at same time, to enhance the K+ uptake capacity in root 
epidermal cells under a high Na+background. Increased K+/Na+ discrimination 
of a high affinity potassium transporter from wheat has been shown to increase 
salt tolerance of yeast strain deficient in potassium uptake (Rubio et al., 1995). 
Similarly, long-term salt-adapted tobacco cells showed increased capacity for 
K+ uptake compared to wild type cells, suggesting that a better K+/Na+ 
discrimination by the K+ uptake system is a significant element for salt 
tolerance (Watad et al, 1991). Inward-rectifying K+channel such as AKTl, 
which are highly selective for K+over Na+, may function in this aspect since it 
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is predominantly expressed in root epidermal and cortical cells (Tester and 
Leigh, 2001). 
A number of cDNAs encoding inward-rectifying K+ channels have been 
identified and characterized from plants, yeast and human (Anderson et al., 
1992; Gassmann et al., 1993; Bei and Luan, 1998; Hirsch et al., 1998; Hoth et 
al.，2001). In this study, putative inward-rectifying K+channel GmAKTl was 
isolated both from salt-tolerant Wenfeng? and salt-sensitive Union. 
Five major characteristics of GmAKTl suggested that it is indeed an 
AKTl protein (an inward-rectifying K+channel): 
(1) it exhibits high homology to classical AKTls such as those from A. 
thaliana (69%) and rice (62%) (Table 3.5); 
(2) it displays a six transmembrane domains hydropathy profile (Figure 3.12), 
a characteristic of plant inward-rectifying K+channels (Czempinski et al., 
1999); 
(3) it comprises a putative cyclic nucleotide-binding domain (CNBD) and a 
C-terminal interaction domain (KHA) (Figure 3.13) that present in all 
cloned plant inward-rectifying K+channels (Czempinski et al., 1999); 
(4) it possesses ankyrin repeat sequences (Figure 3.13) that are unique 
structural domains of AKT subfamily (Sentenac et al., 1992; 
Zimmermann et al., 1998; Czempinski et al., 1999); 
(5) it contains a highly conserved amino acid sequence including the 
252TTVGYGDLHPVN263 motif of plant AKTl protein in the P-domain 
(Figure 3.14) (Czempinski et al., 1999). 
GmAKTl contains histidine residues at the conserved positions within 
the pore region. This histidine residue has been shown to be directly involved 
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in the pH-sensing mechanism conferring activation of the K+ channel 
(Muller-Rober et al., 1995; Hoth et al” 2001). As a conserved structural 
feature，the ankyrin repeats within the C-terminal halves of GmAKTl 
represent potential domains for interactions of membrane proteins with the 
cytoskeleton (Mills and Mandel, 1994; Czempinski et al., 1999). Besides, the 
conserved C-termini including the cyclic nucleotide-binding domain (CNBD) 
and a C-terminal interaction domain (KHA), which also present in GmAKTl, 
has been demonstrated to mediate direct interactions between individual 
channel polypeptides and participates in the regulation of channel distribution 
and function (Ehrhardt et al, 1997). In the Arabidopsis mutant aktl-1, which 
produces 3'-terminally truncated AKTl transcripts, suppression of K+in 
currents has been observed (Hirsch et al, 1998). Taken together, it is deduced 
that G m A K T l also functions as a tetramer. 
It has been reported that plant AKTl plays a major role in high affinity 
K+uptake system in the root peripheral cell (Lagarde et al., 1996). It could 
mediate passive inward K+ transport from juM external K+ condition and do 
not mediate Na+ influx during salt stress (Hirsch et al., 1998; Spalding et al., 
1999). Hence, G m A K T l that belongs to a member of the plant AKTl protein 
is expected to play a crucial role in high affinity K+uptake in Wenfeng? under 
salt stress condition. To characterize its physiological role, it is necessary to 
identify whether it is expressed in roots, which cells and membranes it is 
located in, under what conditions it will expressed, and what the consequences 
are of overexpression its gene product in transgenic systems. 
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4.1.3 GmCLC is a putative vacuolar voltage-dependent chloride channel in 
soybean 
Under salt stress, when the chloride concentration rises and the 
membrane potential is more positive than -lOOmV, chloride ion influxes into 
plant cells through anion channels (Czempinski et al., 1999). High 
concentration of chloride ions in the cytosol could disrupt cellular systems 
through interfere with anionic sites involved in binding of R N A and anionic 
metabolites (Serrano et al., 1999). Chloride extrusion and compartmentation 
mediated by chloride channel are useful mechanisms in planta to avert the 
deleterious effect of chloride ion in the cytoplasm. 
In the past few years, an increasing number of homologs have been 
described in the CLC family of chloride channel. In this study, a putative 
chloride channel G m C L C was isolated from wenfeng? and Union. Four major 
characteristics of G m C L C suggested that it is indeed a member of the CLC 
family: 
(1) it exhibits high homology to classical CLCs such as those from 
tobacco(72%), Arabidopsis thaliana (41-72%) and rice (52%); 
(2) it containsa core domain and a hydropathy profile characteristic of the CLC 
family (Lurin et al., 1996); 
(3) it comprises a voltage—CLC domain homologous to the conserved domain 
database of voltage gated chloride channel; 
(4) it possess GKEGP--H--G amino acid sequence motif that is conserved in 
all CLCs (Czempinski et al., 1999). 
Cloning of G m C L C extends the study of CLC family to crop plants. The 
present work agrees with the reports of CLC homologs in yeast (Greene et al., 
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1993) and in E.coli (Fujita et al., 1994). Together, these results support the 
idea that CLC sequences appeared early in evolution and have been conserved 
after the divergence of plant and animal kingdoms. 
Although structure-function relationships have been studied on proteins 
of the mammalian CLC family, whether CLCs function as a tetramer or 
dimmer still needs to be clarified. Also, functional correlation with anion 
channels electrophysiologic ally characterized in plants cannot be demonstrated 
(Czempinski et al., 1999). Whether G m C L C functions to extrude chloride ion 
from the cytosol or to compartmentate the chloride ion into vacuole under salt 
stress depends on which cellular membrane G m C L C is localized. 
Phylogeny analysis revealed that GmCLC clusters share relatively close 
clusters with AtCLCd (Hechenberger et al., 1996) and Gefl (Greene et al., 
1993)，the vacuolar chloride channel from Arabidopsis thaliana and yeast, 
respectively. Therefore, it can be proposed that G m C L C is more likely a 
vacuolar chloride channel, although the subcellular localizations of others 
CLCs from Arabidopsis thaliana, potato and rice are still waited to be 
determined. It may mediate compartmentation of excessive CI' ions in the 
cytosol into vacuole. Since GmCLC is present both in salt-tolerant Wenfeng? 
and salt-sensitive Union, and the amino acid sequence is identical in these two 
varieties, it is necessary to study the cellular expression patterns of GmCLC in 
WenfengT and Union to elucidate the role of this ion transporter in salt 
tolerance of WenfengT (see below). 
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4.2. Gene expression profiles of GmNhx, GmAKTl and GmCLC 
from Wenfeng? and Union 
4.2.1 Differential expression between GmNhxl and GmNhx2 in Wenfeng? and 
Union 
In plants, the vacuolar Na+/H+ antiporters appear to form a multigene 
family that might show different temporal or spatial expression of different 
isoforms (Zhu, 2001). The differential expression pattern in the RT-PCR 
analysis of the transcripts revealed that GmNhxl is regulated differently from 
GmNhxl. NHX genes have been studied in the context of salt tolerance or 
response to salinity stress. In plants, the AtNHXl and OsNHXl transcripts 
were reported to increase around 2-4-fold in response to the NaCl stress, and 
the induction appeared to occur more in leaves or shots than in roots. In this 
study, it was found that the transcripts of GmNhxl were increased in both 
roots and leaves of WenfengV and Union during salt treatment. 
An interesting question remains: what is the functional siginficance of 
multiple members of the NHX gene family in plants? In halophytes, the 
accumulation of sodium in the vacuole serves to keep cytosolic 
concentractions of sodium at a tolerable level and to provide osmotic pressure 
that helps to maintain cellular water status, and ultimately, growth (Flowers et 
al., 1977). Some additional NHX genes may be accounted for by expression in 
different tissues and/or developmental stages. One of these is the regulation of 
vacuolar pH. This process has been shown to depend on the activity of an 
NHXl homologue in Ipomoema nil (Yamaguchi et al., 2001). The counter 
cation for proton extrusion from the vacuole is more likely to be 
potassium. The Arabidopsis NHXl gene product does show 
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potassium-dependent movement in isolated vacuoles, although at a lower 
selectivity than for sodium (Zhang and Blumwald, 2001). This suggests that 
other NHX genes may mediate potassium and pH homeostasis between the 
vacuole and cytoplasm. 
4.2.2 Coordinated expression of GmNhx and GmCLC in wenfeng? and Union 
In this study, Northern blot analysis revealed that, in general, the gene 
expression level of GmNhx and GmCLC were induced 2-6 folds both in roots 
and leaves of Wenfeng? and Union under treatment with different nutrition 
solution supplemented with 1.2% NaCl. The expression of GmNhx and 
G m C L C seem to be coordinated. These results indicated that induction of 
GinNhx and GmCLC is responsive for salt stress and modulated by external 
nutritional level. 
GmNhx and GmCLC, respectively, are putative vacuolar Na+/H+ 
antiporters and putative vacuolar chloride channel, which may function 
together in mediating Na+ and CI" compartmentation into vacuoles under salt 
stress. The requirement for Na+ and CF compartmentation in cells of plants 
growing in salt to maintain ion homeostasis and ostomic potential may explain 
the coordinated regulation of these two transporter genes. 
Salt tolerant genotype within soybean and lucerne {Medicago sativa) 
have been identified and characterized by their capacity to retain relatively 
high concentractions of Na+ and CI' in the roots and stems, to partition ions 
into the older leaves and to maintain low ion (Na+ and CI") concentrations in 
the actively growing younger leaves and meristems (Lauchli and Wieneke, 
1979; Ashraf and O'Leaiy, 1994). It has been proposed that the maintenance 
of low concentrations of Na+ and CI" in the actively growing younger leaves 
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and meristems is determined by the capacity of the plant to regulate the uptake 
and transport of Na+ and CI", or sequestration of Na+ and CI" into vacuole at 
the root level, and/or from the roots to the shoots, and/or from the older leaves 
to the younger leaves (Rogers et al., 1997). However, there are insufficient 
data from this study to determine the exact process that may occur in the 
salt-tolerant variety, Wenfeng?. 
4.2.3 GmAKTl is preferentially expressed in roots of wenfeng? and Union and 
presented in low abundance 
K+channel is a major sytem for potassium uptake in plants. Plant inward 
rectifying K+channels are products of a multigene family, members of which 
exhibit tissue-specific expression (Maathuis et al., 1997; Maser et al., 2001). 
AKTl is predominantly expressed in the epidermis, cortex and endodermis of 
the root and hyadothodes (Maathuis et al., 1997). Other isoforms include the 
phloem-specific AKT2 and AKT3 and the flower-specific AKT6. These 
channels are highly selective for K+ over Na+ and therefore are unlikely to 
mediate Na+ transport during salt stress (Serrano and Rodriguez-Navarro, 
2001). 
In this study, the levels of GmAKTl transcript were too low to be 
detected in leaves and roots of Wenfeng? and Union using Northern blot 
hybridization technique. However, RT-PCR analysis revealed that GmAKTl 
transcripts were more apparent in roots than in leaves both in Wenfeng? and 
Union (Figure 3.24). This suggested that GmAKTl is preferentially expressed 
in roots than leaves but in a low abundance in both Wenfeng? and Union. In 
the leaves, transcript of GmAKTl is induced in WenfengV under salt stress 
especially in 1.2% NaCl whereas in Union it is significantly repressed by 1.2% 
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NaCl treatment. These results suggest that Wenfeng? may have a higher gene 
expression level of GmAKTl than Union under salt stress. 
The inward rectifier AKTl in plants is a major route of K+uptake from 
soil by root epidermis (Lagarde et al., 1996). Hirsch and his colleagues have 
demonstrated that AKTl functions in high affinity K+uptake in roots and does 
not play a role in Na+ uptake (Hirsch et al., 1998; Spalding et al., 1999). As 
GmAKTl gene is expressed higher in Wenfeng? than Union, especially in 
roots，under salt stress (Figure 3.25), this suggest that GmAKTl, a putative 
high affinity K+ transporter, in Wenfeng? may present in a relatively higher 
level to mediate higher capacity of K+ but not Na+ uptake from the external 
environment to maintain a substantial K+ concentration in the cells for plant 
growth under salt stress. 
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4.3. Functional tests of transgenic Arabidopsis plants 
4.3.1 Screening of heterozygous and homozygous transgenic plants 
Arabidopsis is a typical glycophyte to use as a genetic model system 
since it fulfills the following desirable traits: small size, short life cycle, 
ability to self-fertilize, high seed sets, small genome, easy to transform and 
mutagenize. In this study, Arabidopsis is used as a transgenic system for 
functional studies of the target genes. 
The cDNAs encoding GmNhxl, GmNhxl, GmCLC and GmAKTl were 
placed under the control of the C a M V 35S promoter (Kay, et al., 1987; Gatz, 
et al., 1991) to be ecotopically expressed in plant cells. The Agrobacterium 
strain GV3101/ pMP90 and binary vector system V7 have been successfully 
used to deliver target genes into the A. thaliana ecotype Col-0 via vacuum 
infiltration technique (Bechtold, et al., 1993). Using this transformation 
platform, cDNAs of GmNhxl, GmNhxl, GmCLC and GmAKTl were all 
transformed into Arabidopsis. 
Transgenic lines containing only a single insertion locus are more 
stable genetically and are less susceptible to gene silencing due to the 
presence of multiple gene copies (Fagard and Vaucheret, 2000). Screening 
of lines containing single insertion locus was performed by scoring the 
kanamycin resistance (selection marker presents on the T-DNA) of T! 
progenies. Since the kanamycin resistance is a dominant character, a 3: 1 
(resistant: sensitive) ratio will indicate a hemizygous status of a single 
insertion locus (Figure 3.28 B). Using Chi-square test with 0.05 significant 
level, 7, 5, 7 and 7 independent transgenic lines were found to contain 
single insertion locus for GmNhxl, GmNhx2, GmCLC and GmAKTl 
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(Table 3.7, 3.8，3.9, 3.10), respectively. To facilitate further analysis, 
homozygous lines of those single insertion loci (Table 3.11) were identified 
by 100% kanamycin resistance in their T3 progenies (Figure 3.28 C). Since 
kanamycin resistance only indicated the presence of the selection marker 
gene, PCR screening using gene specific primers was performed to verify 
the successful integration of the target transgenes (Figure 3.29 and 3.30). 
4.3.2 Function tests of heterozygous and homozygous transgenic plants 
under salt stress 
Overexpression of a transgene in a genetic model (gain of function) is 
one of the techniques to study the physiological role of an interested gene. 
To identify whether GmNhxl, GmNhx2, G m C L C and G m A K T l can confer 
salt tolerance under salinity by ehancement of its gene expression, 
functional test was performed in transgenic Arabidopsis overexpressing 
GmNhxl, GmNhx2, GmCLC and GmAKTl. 
Salt tests on T2 hemizygous and T3 homozygous transgenic plants 
were carried out using M S plate containing 1.2% NaCl and sand 
supplemented with 1/8 X Hoagland solution containing 1.2% NaCl, 
respectively. Both T2 hemizygous and T3 homozygous transgenic plants of 
GmNhxl and GmNhx2 exhibited apparent salt tolerance phenotype and were 
able to maintain a substantial growth under 1.2% NaCl (-200 m M ) salt 
stress (Figure 3.32 and 3.33). This result not only demonstrated that 
overexpression of a single gene related to Na+ ion transport can confer salt 
tolerance but also supported that GmNhxl and GmNhx2，the vacuolar 
Na+/H+ antiporters, function in vacuolar compartmentation of Na+ to avert 
the toxic effect of excessive cytosolic Na+ ion that imposed on plant growth. 
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Unfortunately, the results could not be repeated in subsequent experiments 
due to gene silencing. 
On the other hand, no significant salt tolerance phenotype was 
observed in transgenic Arabidopsis overexpressing GmCLC and GmAKTl 
under salt tests. Although single gene overexpression of GmCLC and 
GmAKTl in Arabidopsis cannot confer observable salt tolerance capacity, it 
is still expected that they are also play a role in salt tolerance by involving 
in the regulation of ion homeostasis under salinity since: 
(1) Excessive CI" ions in the cytosol requires vacuolar 
compartmentation for elimination of toxicity and achievement of 
electrical balance of accumulated Na+ ion in the vacuole. This 
mechanism may be regulated by GmCLC in salt-tolerant WenfengV 
in which GmCLC and GmNhx are coordinately expressed. 
(2) Effectively enhanced K+ uptake and reduced Na+ influx into plant 
cell can help to maintain a high K+/Na+ ratio in the cytoplasm 
which is a key element that determined ion homeostasis for normal 
cellular processes under salinity condition. This mechanism may be 
regulated by GmAKTl in Wenfeng?. 
4.3.3 Gene silencing in transgenic plants 
Transgene silencing has been reported from both laboratory 
experiments and early field trials, albeit at various frequencies (Iyer et al., 
2000). It was originally thought to be a quirk of transformation procedures, 
but is now recognized to be a facet of vitally important gene regulatory 
systems, present in all organisms. 
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Since the transgenic lines used for functional test in this research 
contain single insertion loci, gene silencing resulted from epistatic 
cw-inactivation is unlikely. PCR screening using V7 primer of 35S 
promoter in combination with gene specific primer of the target gene also 
revealed that rearrangement of transgene insert did not occur in these lines. 
For single insertion, gene silencing might be induced by several 
mechanisms. In some cases, transgene methylation might occur at 
homozygous state via paramutation ((Meyer and Heidmann, 1994). Position 
effects of the insertion might also play a role. For instance, if the transgene 
was inserted in a hypermethylated region, it may gradually become 
methylated and the transcription would be ceased (Meyer and Heidmann, 
1994). Exactly how the cell recognizes foreign D N A is still not fully 
understood. One possible mechanism is to sense the uncoupled G C contents 
of insert to its neighboring sequence in specific isochors of the plant 
genome (Meyer and Heidmann, 1994). In addition, transcription activity 
may make the transgene a specific target for D N A methylation, since when 
promoter activity opens the local chromatin structure, cellular protein 
involved in D N A methylation may become accessible (Meyer and 
Heidmann, 1994). Alternatively, high levels of transcription, giving rise to 
accumulation of normal transcripts that exceeds a "threshold" level, have 
been proposed to activate silencing (Lindbo et al., 1993). Nevertheless, 
when foreign genetic information is introduced into the genome, it is likely 
to be perceived by surveillance processes as alien and is likely to be 
functionally inactivated or eliminated (Iyer et al., 2000). However, silencing 
of a specific transgene can result from a combination of both TGS 
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(transcriptional gene silencing) and PTGS (post transcriptional gene 
silencing) effects. 
The development of strategies to avoid transgene silencing is needed. 
Some possible strategies include (Kumpatla and Hall, 1998a; Iyer et al., 
2000): 
(1) Gene constructs should contain base substitutions so that they 
contain as little sequence similarity as possible to putative 
endogenous sequences, or to similar sequences in the same 
construct. 
(2) Gene constructs should be inserted with introns to provide 
sequence diversity for avoiding detection by genome surveillance 
processes. 
(3) Transgene inserts could be flanked with matrix attachment regions 
(MARs) which may help to reduce variance in expression levels, 
make expression proportionate to gene copy number and reduce 
position effect in transgenic organisms. 
(4) Transgene constructs should contain little vector sequences since 
these may be recognized as alien to the recipient genome and serve 
as targeting elements for surveillance system. 
(5) Tissue-specific promoter for transgene constructs should be used to 
avoid constitutively expression of the transgene in high levels that 
may induced PTGS (post transcriptional gene silencing). 
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5. Conclusion and Perspectives 
This research aims at cloning, characterization and functional test of three 
ion transporters, Na+/H+ antiporter, K+channel and chloride channel, from salt 
tolerant soybean variety, WenfengT, and salt sensitive counterpart, Union. 
In this research, the foil length cDNA of two Na+/H+ antiporters (Mix), one 
K+ channel (AKT) and one chloride channel (CLC) were successfully cloned 
from WenfengV and Union. The entire nucleotide sequences of the cDNA of 
putative Nhx, AKT and CLC have an open reading frame of 1641 bp, 2682bp and 
2352bp，encoding a protein of 546, 893 and 783 amino acids, respectively. Since 
the deduced amino acid sequence of these ion transporters are the same in 
WenfengV and Union, these gene are further named GmNhxl, GmNhxl, 
GmAKTl and GmCLC. 
Topological model and hydropathy profiles revealed that GmNhx 1&2, 
G m A K T l and G m C L C have 12，6 and 11 putative transmembrane spanning 
segments, respectively. Multialignment, conserved doamin search and phylogeny 
analysis suggested that these three ion transpoters are, respectively, putative 
vacuolar Na+/H+ antiporter, inward-rectifying K+ channel and vacuolar chloride 
channel. 
Studies of gene expression profiles revealed that GmAKTl is preferentially 
higher expressed in roots than leaves but in a low abundance and, WenfengV has 
a higher gene expression level of GmAKTl in roots and leaves than Union under 
salt stress. These results suggest that GmAKTl in WenfengV may present in a 
relatively higher level to mediate higher capacity of K+ ion uptake. Moreover, 
gene expression studies also suggest that GmNhx and GmCLC may be 
coordinately expressed in both roots and leaves in Wenfeng? and Union during 
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different salt treatments. This finding supports the notion that GmNhxs and 
GmCLC work coordinately in vacuolar compartmentation of Na+ and CI" in 
wenfeng? under salt stress. 
Functional test using T2 and T3 transgenic plant under different salt stress 
showed that GmNhxl and GmNhx2 transgenic plants may have an apparent 
higher salt tolerance capacity compared to wild type Col-0, before transgene 
silencing occurs. 
To elucidate and identify the physiological roles of these ion transporters 
for ion homeostasis under salt stress in WenfengT, it is necessary to determine 
the subcellular localization of these ion transporters by in situ hybridization or 
conforcol microscope technique, and perform ion distribution studies in roots, 
stems, older leaves and younger leaves in combination with early and late kinetic 
studies of gene expression profile. Since gene silencing occurs on transgene in 
this research, reconstruction of the target gene under control of salt-inducible/ 
tissue-specific promoter may be a better approach for expression of the ion 
transporters for functional test. 
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Appendix I: Buffer, restriction and modifying enzymes 
1. Buffer D Promega R004A 
2. lOx DNase reaction buffer Invitrogen Y02340 
3. 1 OX T4 ligase buffer Promega C126A 
4. lOX PCR buffer (with M g C y Clontech K1905-1 
5. 1 OX PCR buffer (with MgCli) Roche 1647679 
6. lOX PCR buffer Promega M188A 
7. 5X first strand buffer Invitrogen Y00146 
孙cd Promega R6181 
夕.遍 1 Promega R6161 
10. DNase I Invitrogen 18068-015 
11. T4 D N A ligase Promega Ml 804 
12. Taq D N A polymerase Clontech K1905-1 
13. Taq D N A polymerase Roche 1647679 
14. Taq D N A polymerase Promega Ml 665 
15. SUPERSCRIPT™!! RNase H" Invitrogen 18064-014 
Reverse Transcriptase 
Appendix 11: Major chemicals and reagents used in this research 
1. Ampicillin Sigma A9518 
2. Agarose Invitrogen 15510-027 
3. Ascorbic acid Sigma A7506 
4. Bacto-peptone Difco 0118-01-8 
5. Bacto™ Agar Difco 214010 
6. Benzyl-aminopurine Sigma B5898 
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7. Blocking reagent Roche 1363514 
8. Boric acid Ajax 101 
9. Bromophenol blue Merck 8122 
10. Calcium chloride Merck 2380 
11. Calcium nitrate Ajax 135 
12. Carbenicillin disodium Sigma C3416 
13• Cetyldimethylethylammonium bromide (CTAB) Sigma C5335 
14. Chloroform Merck 3445 
15. CSPD Roche 1755633 
16. Cupper sulfate, anhydrate Sigma CI297 
17. Cupric chloride, dihydrate Sigma C6641 
18. dATP Boehringer 1277049 
19. Diethyl pyrocarbonate Sigma D5758 
20. Disodium hydrogen phosphate Sigma S0876 
21. Dithiothreitol, D D T (1 OOmM) Promega P1171 
22. EDTA, disodium salt Sigma E5143 
23. EDTA, ferrous-sodium salt Sigma EDFS 
24. EGTA, sodium salt Sigma E3889 
25. Ethanol (absolute) Merck 100986 
26. Ethidium bromide Sigma E7637 
27. Formaldehyde (37%) Sigma F8775 
28. Formamide Boehringer 1814320 
29. Genetamicin sulfate Sigma G3632 
30. Glacial acetic acid Sigma A4508 
31. Glycine Sigma G7403 
32. Hydrochloric acid (36%) Ajax 1364 
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33. Indole-3-butyric acid Sigma 11875 
34. Iso-amylalcohol Merck 100979 
35. Isopropanol Labscan C2519 
36. Isopropyl b-D-thiogalactopyanside (IPTG) Boehringer 1411446 
37. Kanamycin, monosulfate Sigma K4000 
38. Luria Bertani broth, Miller Difco 0446-17-3 
39. Lumi-film Roche 1666916 
40. Maleic acid Sigma M0375 
41. Magnesium chloride Sigma M9272 
42. Magnesium sulphate Ajax 302 
43. Mannitol Ajax 530 
44. p-mercaptoethanol Sigma M6250 
45. M E S Sigma 3023 
46. Methanol Merck 6007 
47. Metro-mix soil Hummert 10-0325 
48. 4-Morpholineethanesulfonic acid Boehringer 223794 
49. MOPS Sigma M8899 
50. Murashige & Shoog salt mixture GibcoBRL 11117-017 
51 • Myoinositol Sigma 15125 
52. N-lauroylsarcosine Sigma L5125 
53. Nicotine acid Sigma N4126 
54. Phenol-chloroform-isoamylalcohol (25:24:1) Amersco 883 
55. Polyvinylpyrrolidone Sigma PVP-40T 
56. Potassium acetate Sigma PI 147 
57. Potassium hydroxide Merck 5033 
58. Potassium nitrate Sigma P8394 
173 
59. Potassium phosphate, monobasic Sigma P5379 
60. Rifampicin Sigma R3501 
61. Silwet-77 Lehle Seeds 
62. Sodium acetate, anhydrous Sigma S2889 
63. Sodium chloride R D H 31434 
64. Sodium citrate, trisodium salt Sigma S4641 
65. Sodium dihydrogen phosphate R D H 10245 
66. Sodium dodecyl sulfate B/M 1028693 
67. Sodium hydroxide Merck 6498 
68. Sodium molybdate R D H 31439 
69. Sucrose Sigma SI888 
70. Tris (hydroxyethyl) aminoethane Ameresco 0826 
71. Tris/ HCl Amresco 0826 
72. Tween 20 Bio-Rad 170-6531 
73. 1 OObp low D N A mass ladder Invitrogen 10068-013 
74. 1Kb step ladder Promega G694A 
75. 1Kb plus D N A ladder Invitrogen 10787-018 
Appendix III: Major common reagents used in this research 
1. 1-2% (w/v) agarose gel 
1-2% (w/v) agarose, l|Lig/ ml ethidium bromide in IX TAB buffer 
2. 10% Blocking solution 
lOg blocking reagent (Roche, 1363514) was dissolved in 100ml IX maleic acid 
buffer and heated to 60°C until completely dissolved. 0.1ml DEPC was added and 
the solution was mixed and kept in room temperature overnight before 
autoclaving. 
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3. CTAB extraction buffer 
O.IM Tris-HCl (pH8.0), 1.4M NaCl, O.IM EDTA (pH8.0), 2% (w/v) CTAB, 1% 
(w/v) Polyvenylprolidone and 0.2 % freshly added P-mercaptoethanol. 
4. DEPC-treated water 
1ml of DEPC was mixed with 1 liter distilled water and kept overnight at room 
temperature before autoclaving. 
5. lOX detection buffer 
IM Tris，IM sodium chloride, pH 9.5 
6. Hoagland's solution 
5 m M potassium nitrate, 5 m M calcium nitrate, 2 m M magnesium sulfate, I m M 
monopotassium phosphate, I m M iron chelate and 1ml micronutrient stock 
solution/L. 
7. High-stringency wash solution 
O.IXSSC, 0.1% SDS 
8. LB agar plate 
25g/L LB powder and 15g/L bacto-agar, autoclave 
9. LB broth 
25g/L LB powder, autoclave 
10. 6x loading dye 
0.25% bromophenol blue in 30% glycerol 
11. Low-stringency wash solution 
2X SSC, 0.1% SDS 
12. lOX maleic acid buffer, pH 7.5 
IM maleic acid, 1.5M sodium chloride, pH 7.5 
13. Micronutrient solution of Hoagland's solution 
86g/L boric acid, 1.81 g/L manganese chloride-4-hydrate, 0.22g/L zinc 
sulfate-7-hydrate, 0.08g/L copper sulfate-5-hydrate and 0.02g/L 85% molybdic 
acid. 
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14. lOx M O P S buffer 
200mM MOPS, 5 0 m M sodium acetate, lOmM EDTA.Na2, pH 7.0. 
15. M S plate 
4.3 g/L Murashige and Skoog salts, 3% sucrose, 0.5 g/L MES, pH 5.7, and 0.9% 
(w/v) Bacto agar 
16. M S plate/kannamycin 
4.3 g/L Murashige and Skoog salts, 3% sucrose, 0.5 g/L MES, pH 5.7，and 0.9% 
(w/v) Bacto agar and 50 |Lig/ml kanamycin 
17. 10% N-lauroylsarcosine 
10% (w/v) N-lauroylsarcosine in sterile water; filtered through a O.lfim filter. 
18. Phenol: Chloroform:Isoamylalcohol solvent (25:24:1) 
19. R N A extraction buffer 
200mM Tris base, 400mM KCl，200mM sucrose, 35mM magnesium chloride, 
2 5 m M EGTA, pH 9.0 
20. 10% Sodium dodecyl sulfate (SDS) 
10% (w/v) SDS in sterile water; filtered through a O.lfim membrane 
21. 3 M sodium acetate, pH5.2 and pH5.6 
408.3 g/L sodium acetate'SHiO, the pH is adjusted to 5.2 or 5.6 with glacial 
acetic acid. 
22. 20XSSC 
3 M sodium chloride, 300mM sodium citrate, pH7.0 
23. IX TAE buffer 
4.84g/LTris base, 0.1142% acetic acid，0.744g/L EDTA disodium salt 
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Appendix IV: Commercial kits used in this research 
1 • ABI P R I S M ™ dRhodamine Terminator Cycle Peckin-Elmer 402078 
Sequencing Ready Reaction kit 
2. Advantage® cDNA PCR kit Clontech K1905-1 
3. DIG detection system Roche Diagnostic 
4. High pure PCR product purification kit Boehringer 1732 668 
5. Wiza rd™ Plus Minipreps D N A purification Promega A7510 
systems 
6. S M A R T R A C E cDNA Amplification kit Clontech K1811-1 
7. Ultrahyb™ ultrasensitive hybridization buffer Ambion 8670 
Appendix V: Major equipment and facilities used 
Equipment/facilities Company and catalogue number 
Centrifuge Eppendrof 5415C 
Centrifuge Eppendrof 5415D 
Centrifuge J2-MI Bechman T373 with JA-14 rotor 
Centrivap concentrator Labconco 79840-01 
Environmentally-controlled growth South China House of Technology 
chamber for soil grown plants (Development) Limit 
Gel 1OOOUV Fluorescent Gel Doc Bio-Rad 200015450 
Gene Pulser Apparatus Bio-Rad 165-2076 
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Genetic Anal^^ABI Prism 310 IPerkin elmer 96030481 
GS Gene Linker U V Chamber Bio-Rad 0392-923-0336 
Microcooler II Bockel Scientific 260010 
Orbital shaker Lab line 4628-1 
Power supply MIDI MP-250 Life technologies 4801311 
Programmable Thermal cycle MJ research PTC-100 96VHB 200003879 
Refrigerated Centrifuge Eppendorf 581 OR 
Rotatory Hybridization Incubator Shel-lab Model 1004 
Ultrapure water Millipore PROGOOOOl 
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